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Understanding the distribution of genetic variation is central for both population biology and conservation genetics. Genetic 
population structure can be primarily affected by the species’ dispersal ability, which is assumed to be limited in many 
amphibians. In this study, we estimated allelic differentiation metrics and FST indices to investigate genetic variation among 
natural breeding ponds of smooth newts (Lissotriton vulgaris) over a small spatial scale. Based on six microsatellite loci, 
we found a small, but significant allelic differentiation among clusters of natural breeding ponds (i.e. ‘local regions’), which 
result was in line with the calculation of corresponding hierarchical FST values.  Analysis of molecular variance also indicated 
significant between-region variation in the study area. Pairwise estimations showed that only the furthermost regions 
differed from each other in both differentiation measures, but this difference was not attributable to geographic distances 
between ponds. Our results provide evidence that hierarchical genetic structure can be characteristic to breeding ponds 
of smooth newts on a small spatial scale in their natural breeding habitat, but dispersal distance may be less limited than 
previously thought in these philopatric caudates.

Keywords:  genetic differentiation, natural habitats, isolation by distance, philopatric species, hierarchical diversity partitioning, 
fixation indices, Shannon entropy, Lissotriton vulgaris

IntroductIon

Genetic variation forms the basis for various micro-
evolutionary processes and has a fundamental role 

in the long-term persistence of populations and species 
(Hoffmann & Willi, 2008). Because of that, investigating 
the distribution of genetic variation and prevalent genetic 
structure is important from both theoretical and applied 
perspectives (Holderegger et al., 2006; Petit et al., 1998; 
Smouse & Peakall, 1999). Studying genetic diversity in 
natural populations, for instance, may reveal those spatial 
characteristics that facilitate gene flow and influence the 
structural properties of migration/dispersal networks, 
and help to identify areas or populations that should be 
prioritised when allocating conservation efforts (Emel 
et al., 2019; Lesbarreres et al., 2006).  Amphibians are 
among the most threatened vertebrate taxa worldwide 
(Arntzen et al., 2017; Powers & Jetz, 2019), so more and 
more investigations are being carried out on amphibian 
species to scrutinise how landscape characteristics affect 
genetic differentiation between breeding populations 

at various spatial scales (Atlas & Fu, 2019; Almeida-
Gomes & Rocha, 2014; Luqman et al., 2018).  Other 
studies utilise genetic data to test whether amphibian 
populations actually exhibit metapopulation dynamics 
as a priori expected in many species; this knowledge is 
crucial for the appropriate conservation management of 
breeding locations (Marsh & Trenham, 2001; Watts et al., 
2015; Billerman et al., 2019).
 The smooth newt is one of the most widespread 
newt species in Europe (Arntzen et al., 2009), and a 
popular subject for the study of developmental plasticity 
(e.g. Martin et al., 2016; Tóth & Hettyey, 2018), mate 
choice (e.g. Secondi & Théry, 2014; Secondi et al., 2015) 
and hybridisation between sister species (e.g. Zieliński 
et al., 2019; Niedzicka et al., 2020). Based on findings of 
conventional mark-recapture studies, smooth newts are 
regarded to be highly philopatric, with females usually 
returning to their natal pond to reproduce (Bell, 1977), 
and adults and juveniles having very short dispersal 
distances (ranging between 50-182 metres; Griffiths, 
1984; Warwick, 1949; Bell, 1977; Dolmen, 1981). 

https://doi.org/10.33256/31.2.6169
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package (Archer et al., 2016). Tests of Hardy-Weinberg 
equilibrium (HWE) and tests for linkage disequilibrium 
(LD) were calculated in each sampled breeding pond 
using Genepop 4.7.0 (Rousset, 2008); we applied the 
Bonferroni procedure to control for type I error. 
 Genetic diversity in the hierarchically structured 
ecosystem-region-pond system (i.e. all sampled ponds, 
groups of ponds and individual ponds, respectively) was 
decomposed based on the calculation of Hill numbers 
of order 1, which weights all elements in proportion to 
their frequency and leads to diversity measures based 
on Shannon’s entropy (Jost, 2006; 2008; Jost et al., 2018; 
Gaggiotti et al., 2018). Gamma (on the ecosystem level), 
alpha and beta (both on the local region and pond levels) 
diversity components were calculated separately for 
each locus using the ‘iDIP’ function in the supplementary 
R script published by Gaggiotti et al. (2018). As beta 
diversities depend on both the actual number of local 
regions/ponds and their weights (number of individuals 
sampled within each region/pond), we also calculated 
normalised differentiation indices (ΔD) to quantify 
compositional differentiation at given hierarchical 
levels. We used the average values of these measures 
over the six loci to characterise region- and pond-level 
allelic differentiation as in Gaggiotti et al. (2018). We 
also calculated hierarchical FST values and FST analogues 
as “fixation” measures; such metrics, being sensitive 
only to demographic variables, reflect the degree of 
completion toward fixation and not the actual degree of 
differentiation of allele frequencies between populations 
(Jost et al., 2018).  We computed hierarchical FST values 
on the local region and pond levels for comparison using 
the ‘hierfstat’ R package (Goudet & Jombart, 2015). We 
used permutation tests with 9999 iterations to examine 
if the observed differentiation measures were different 
from the ones estimated from permutation distributions, 
which were created by reshuffling individuals among 
ponds and local regions. In the case of FST, the best 
statistics to test for differentiation is proposed to be the 
likelihood ratio G-statistics (Goudet et al., 1996; Goudet, 
2005; De Meeûs & Goudet, 2007).  We used the in-built 
‘test.g’ function of the ‘hierfstat’ package (which is 
equivalent to the ’test.between’ function with the level 
of randomisation set to the level of individuals) to test 
the significance of given hierarchical levels on genetic 
differentiation. In order to uncover which local regions 
differed from each other, we estimated region-level 
differentiation measures between pairs of local regions, 
and compared the observed values to corresponding 
permutation distributions. One-tailed conservative 
P-values were calculated as (b+1)/(m+1), where b is the 
number of permutation test statistics (either G* [i.e. 
multilocus G-statistics] or ΔD values) equal or greater 
than the observed ones, and m is the number of iterations 
(Phipson & Smyth, 2010).  Analysis of molecular variance 
(AMOVA) was also used to compute the ratio of variance 
components obtained from a matrix of squared Euclidean 
distances between pairs of individuals; this analysis 
represents an alternative computational method to test 
possible differences in a nearness to fixation measure (Φ 

the laboratory in individual plastic boxes appropriate 
for transportation. We anesthetised the individuals by 
inserting them into a 0.2 % solution of MS-222 (CAS: 886-
86-2, Sigma-Aldrich Co., USA), then we collected swab 
samples from them using buccal swabs (Goldberg, Kaplan 
& Schwalbe, 2003; Pidancier, Miquel & Miaud, 2003). 
Animals were anesthetised in order to reduce the risk 
of injury during swab sampling and to take photographs 
of the collected individuals. Samples were stored at 4 °C 
until DNA extraction. DNA was extracted and purified 
using the QIAamp DNA Investigator Kit (QIAGEN N.V., 
Venlo, The Netherlands), following the protocol of 
the manufacturer. The concentration and purity of 
extracted DNA was estimated using NanoDrop. We 
evaluated fifteen microsatellite loci that were previously 
described and used for population genetics analyses in 
this species: Tv3Ca9, Tv4Ca9, Tv5Ca13 (Johanet et al., 
2009), Lm_749, Lm_528, Lm_632, Lm_521, Lm_013, 
Lm_870, Lm_488 (Nadachowska, Flis and Babik, 2010), 
Lm_346, Lm_AHNC3 (Nadachowska-Brzyska et al., 2012), 
Lm_ZN5, Lm_TDP, Lm_8BH (Zieliński et al., 2013).  Primer 
synthesis, multiplex labeling PCR and fragment analyses 
were performed by Biomi Ltd. (Gödöllő, Hungary) 
following the protocol reported in Zieliński et al. (2013). 
The PCR products were electrophoresed on a 3130xl 
Genetic Analyzer with GeneScan 500 LIZ size standard, 
and GeneMarker v2.7.0 (fully functional validation 
version; SoftGenetics, State College, PA, USA) was used 
for manual allele scoring. Six out of the 15 evaluated 
loci (Lm_013, Lm_528, Lm_870, Lm_488, Lm_ZN5, Lm_
TDP) yielded very low or ambiguous peaks (likely due 
to the low quality/quantity of DNA obtained from the 
swabs samples or suboptimal ratio of microsatellite PCR 
products in the product mix, relative to each other), and 
therefore were discarded from the study.

Genetic and statistical analysis
We used the tandem 1.09 software (Matschiner 
& Salzburger, 2009) for the automatic binning of 
microsatellite allele sizes in the nine loci that produced 
reliable amplifications. As we found higher average 
rounding error in terms of allele size (i.e. many detected 
fragment lengths could not be classified unambiguously 
as one or another allele defined in base pairs) compared 
to the recommended threshold value in additional three 
loci (Lm_521, Lm_632 and Tv3Ca9), all further analyses 
were conducted using only the remaining six loci (Table 
S2).  This way, we could ensure that ambiguously 
identified allele sizes would not bias our estimations of 
genetic differentiation between ponds. We checked for 
stuttering and null alleles using Micro-Checker 2.2.3 (Van 
Oosterhout et al., 2004). Probability of identity (PID) of 
increasing numbers of loci and pairwise estimators of 
relatedness (Lynch & Ritland, 1999) between individuals 
were calculated with Genalex 6.503 (Peakall & Smouse, 
2012).  The number of alleles (A), allelic richness (Ar; 
calculated for each locus as the number of alleles divided 
by the number of samples without missing data at that 
locus), observed and expected heterozygosity (Ho and 
He, respectively) were computed using the ‘strataG’ R 
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However, such poor dispersing ability may be unrealistic 
for many landscapes and seemingly contradicts the broad 
distribution of the species.  Dispersal characteristics 
have important consequences on the spatial distribution 
of genetic variation. If dispersal is as limited as implied 
by the above empirical findings, isolation by distance 
(IBD) can be expected to shape genetic variation even 
on small spatial scales. IBD may lead to higher genetic 
similarity between pairs of populations that are close 
to each other compared to populations that are farther 
away from each other, without any selective advantage 
of such patterns (Meirmains, 2012; Diniz-Filho et al., 
2013). On the other hand, limited dispersal may also 
increase differentiation in mean phenotype among 
populations, facilitating local adaptation (Blanquart et 
al., 2012; Arendt, 2015), or increase the risk of genetic 
drift that could, in some instances, counteract adaptation 
(Frankham et al., 2010).  A more recent study based on 
the analysis of both capture-mark-recapture and genetic 
data did not support the observation of such limited 
dispersal in this species, however.  In an agricultural area 
of small spatial scale (with 270-1800 metres between-
pond distances), Schmidt et al. (2006) found overall 
low genetic differentiation in allozyme loci across five 
breeding population of smooth newts. They also showed 
that significant genetic differentiation was present only 
between some ponds that were at least 930 metres 
apart, but adult migration and gene flow occurred 
between other ponds that were even farther away. 
Similarly, low differentiation patterns can be expected in 
natural wooded landscapes, especially as shelters for all 
terrestrial stages, humidity at the ground level and the 
presence of temporary, small surface waters in natural 
habitats may increase survival probability and facilitate 
juvenile dispersal and/or between-pond migration of 
breeding adults. Furthermore, juveniles might disperse 
to much greater distances from the breeding ponds 
compared to adults (with a maximum of ca. 1000 metres; 
Müllner, 2001; Sinsch & Kirst, 2015). 
 In this study, we characterised the distribution of 
genetic variation between breeding ponds of smooth 
newts (Lissotriton vulgaris) at a small spatial scale. We 
sampled adults from 10 water bodies located in an 
approx. 10 km2 area of natural landscape during their 
reproductive period, and measured genetic diversity and 
estimated neutral genetic differentiation on the pond 
and local region (i.e. groups of ponds) levels using six 
microsatellite loci. For comparison, we also calculated 
Fst values on the same hierarchical levels (Yang, 1998; 
Goudet, 2005; 2007). In accordance with the findings 
of Schmidt et al. (2006), we predicted that genetic 
differentiation would be observed, if at all, only at the 
local region level and isolation by distance would be 
negligible in the distribution of genetic variation within 
local regions on the studied spatial scale. 

MaterialS and MetHodS

Study area
The study area is located in the north-eastern part of 

the Pilis-Visegrád Mountains, Hungary, and belongs to 
the operational area of the Danube-Ipoly National Park 
(Fig. 1, Table S1). Smooth newts regularly breed in 10 
permanent and semi-permanent ponds located on an 
approx. 10 km2 area of deciduous forests and natural 
clearings (Tóth et al., 2011; Tóth, 2015; Bókony et al., 
2016). The area is also characterised by the presence of 
two secondary asphalt roads, as well as a few forestry 
dirt roads, and several temporary and semi-permanent 
watercourses. However, there were no other potential 
breeding ponds within the study area in the studied 
years to the best of our knowledge. The altitude of the 
sampled ponds varies between 254 and 538 meters 
above sea level. Ponds were grouped into three ‘local 
regions’ (‘Upper’ (U) region: P1, P2, P3, P4, P5; ‘Middle’ 
(M) region: P6, P7; ‘Lower’ (L) region: P8, P9, P10) based 
on the spatial distance between them and the estimated 
maximal dispersal distance of juvenile smooth newts (Fig. 
1).  Within-region distance (measured as path lengths 
taking the variation in altitude between ponds also into 
account) ranged between 55.1 and 866.9 metres, while 
the distance among ponds belonging to different regions 
varied between 1320.4 and 3566.4 metres (Table S1; Fig. 
S1).

Sample collection and dna extraction
We captured smooth newts during their breeding 
season (March-April) using underwater traps and by 
dip-netting in 2014 and 2015.  In 2014, gravid females 
were collected from ponds P3, P6, P8 and P9 (Table S1; 
Tóth, 2015), while in 2015, both females and males were 
caught from all 10 ponds.  We brought the animals to 

Genet ic  d ivers i ty  in  smooth newts

Figure 1. Dendrogram from the hierarchical clustering 
of ponds based on between-pond distances. Dashed 
line indicates the threshold value of 930 metres, which 
corresponds to the minimum distance between breeding 
sites of smooth newts that were found to be genetically 
differentiated by Schmidt et al. (2006). We used this value 
to define local regions in our study: ponds belonging to the 
‘Upper’ local region are shown with a green background, 
ponds belonging to the ‘Middle’ local region are marked 
with a yellow background, and ponds belonging to the 
‘Lower’ local region are illustrated with a cyan background, 
respectively. Dotted line shows the largest reported 
dispersal distance of 182 metres reviewed in Smith & 
Green (2005).
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two furthermost regions.  Genetic distance, however, did 
not correlate with geographic distance between ponds, 
indicating that isolation by distance was not likely to be 
the major cause of the detected genetic differentiation 
among local regions.
 Our results support the previous findings of Schmidt 

et al. (2006) regarding low genetic variation in smooth 
newts on the studied spatial scale, and confirm that 
dispersal distance between demes may be far greater 
than implied by earlier studies (50-182 metres; e.g. 
Griffiths, 1984; Bell, 1977; Dolmen, 1981). As we found 
no significant genetic differentiation between the 

Figure 2. Locations of the breeding ponds (left panel) and null distributions of regional ΔD (normalised allelic differentiation 
index) and G* (multilocus G-statistics) with the observed values for each pair of local regions (right panel). Ponds marked 
with different colours belong to different local regions (U: ‘Upper’ region, M: ‘Middle’ region, L: ‘Lower’ region). Violin plots 
indicate the distribution of differentiation indices (white: ΔD, grey: G*) calculated from reshuffled datasets reduced to the 
two regions in question. Symbols (×: ΔD, *: G*) denote the observed values calculated from the original data. Symbols in 
red indicate significant deviations from the corresponding permutation distributions. Between-region pond distances are 
shown in Table S1 and Figure S1. The map was created using OpenStreetMap (OpenStreetMap contributors 2015).

Figure 3. Bayesian clustering analysis conducted in GENELAND. A) Distribution of posterior probability of a number of 
genetic clusters (K). B, C) Maps of population membership probabilities for 107 smooth newts belonging to one of the two 
inferred clusters.
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statistics) among different hierarchical levels (Excoffier 
et al., 1992; Meirmans, 2006). AMOVA components 
were tested for significance with 9999 permutations. We 
calculated Nei’s pairwise FST values between ponds, and 
tested for IBD by investigating the correlation between 
linearised pairwise FST measures (Rousset, 1997) and the 
logarithm of geographical distances using Mantel’s test 
(Jensen et al., 2005). For these latter tests, we used the 
relevant functions of the ‘poppr’ (Zamvar et al., 2014) and 
‘vegan’ (Oksanen et al., 2019) R packages, respectively. 
We also estimated the number of genetically different 
clusters of ponds by conducting a Bayesian cluster 
analysis in GENELAND (Guillot et al., 2005, 2012). We 
used spatial explicit Bayesian model based on simulations 
of microsatellite data and geographic information 
on pond locations; MCMC simulations consisted of 
2000000 iterations with a thinning of 1000 correlated 
allele frequencies and a burn-in of 200.  We performed 
10 independent runs and based our inference on the 
run giving the highest average posterior probability 
as suggested in the GENELAND manual. Descriptive 
statistics and differentiation measures were calculated 
and statistical tests (except the tests of HWE and for LD) 
were performed in R 3.6.1 (R Core Team, 2019).

reSultS

We found no evidence of scoring error due to stuttering, 
large allele dropout or null alleles in the six loci. 
Probability of identity was estimated at 1.765×10-7, 
being threefold below the conservative threshold of PID ≤ 
0.0001 (Waits et al., 2001), whereas the average pairwise 
relatedness among the sampled individuals was -0.005 
± 0.071 (mean ± SD) with a maximum value of 0.415. 
Thus, we concluded that we sampled the individuals 
only once and our dataset was adequate for estimating 
genetic diversity in the study area.  The number of alleles 
per locus ranged from 5 (Tv4Ca9) to 27 (Lm_749) with 
expected heterozygosity values in the range of 0.622–
0.936 (Table S2). After applying Bonferroni correction 
for multiple tests, we detected no significant LD for any 
locus pair or deviation from HWE for any loci in any of the 
sampled ponds.
 The effective numbers of alleles calculated for each 
locus are shown in Table 1.  Allelic differentiation across 
loci was found to be 0.065 on the local region-level, 
and 0.114 among ponds within a region. Despite the 
higher absolute value of this differentiation index on 
the pond level, permutation tests revealed that allelic 
differentiation was higher than expected by chance 
among local regions (P=0.015), but not among ponds 
within a region (P=0.907). The region-level FST was 
calculated to be 0.010, while the pond-level FST was 0.003; 
corresponding tests also indicated that differentiation was 
significantly higher than expected by chance only at the 
regional level (region-level G*=170.65, P=0.019; pond-
level G*=536.01, P=0.326). In pairwise comparisons, 
we found that only the ‘Upper’ (U) and ‘Lower’ (L) 
local regions differed significantly in terms of allelic 
differentiation, whereas there was only a weak tendency 

in difference between the ‘Middle’ (M) and ‘Lower’ local 
regions in this measure (U-L: ΔD= 0.069, P=0.011; U-M: 
ΔD= 0.077, P=0.307, M-L: ΔD= 0.084, P=0.073; Fig. 2). 
Similarly, region-level G* indicated that the ‘Upper and 
‘Lower’ local regions were significantly different in terms 
of nearness to fixation as well, while difference between 
the ‘Middle’ and ‘Lower’ regions was marginally non-
significant (U-L: G*=100.24, P=0.009; U-M: G*=66.33, 
P=0.463; M-L: G*=74.48, P=0.070). In accordance with 
the above tests, AMOVA showed that local regions were 
genetically differentiated from each other (Φ=0.015, 
Sum of Squares=6.717, d.f.=2, P=0.018), with 1.5 % 
of genetic variation distributed among regions, while 
variation among ponds within regions was essentially 
zero (Φ=-0.010, -0.96 %; Sum of Squares=15.323, d.f.=7, 
P=0.824). MCMC simulations consistently retrieved two 
genetically different populations at two clusters of ponds 
(Fig. 3), indicating the presence of genetic differentiation 
between the ‘Upper’ and ‘Lower’ local regions that 
was also found in the permutation tests.  We found no 
correlation between genetic and geographic distances 
between ponds (Mantel’s test, r= -0.001, P=0.484; Fig. 4). 

diSCuSSion

We examined the extent of genetic differentiation on the 
pond and local region levels between demes of smooth 
newts over a scale of about 3.5 km in a natural breeding 
habitat. We found that genetic differentiation on the 
local region level was significantly higher than what we 
would expect by chance, and this result was supported 
by the calculation of two differentiation measures and 
by the analysis of microsatellite variance.  Pairwise 
comparisons of local regions suggested that this region-
level differentiation was due to difference in both the 
actual allelic composition and estimated nearness to 
fixation (measured by hierarchical FST and Φ) between the 

Genet ic  d ivers i ty  in  smooth newts

loci Dγ
total Dα

(2) Dα
(1) Dβ

(2) Dβ
(1) ΔD(2) Δd(1)

L1 18.414 15.987 11.175 1.152 1.431 0.136 
(0.465)

0.289 
(0.852)

L2 3.936 3.806 3.602 1.034 1.057 0.032 
(0.099)

0.045 
(0.778)

L3 4.793 4.524 4.101 1.060 1.103 0.056 
(0.045)

0.079 
(0.549)

L4 3.266 3.167 2.892 1.031 1.095 0.030 
(0.638)

0.074 
(0.289)

L5 5.139 4.717 4.160 1.090 1.134 0.083 
(0.015)

0.101 
(0.785)

L6 5.258 4.974 4.426 1.057 1.124 0.053 
(0.159)

0.095 
(0.665)

table 1. Decomposition of genetic diversity in the study 
area. Dγ

total indicates gamma diversity on the ecosystem 
level, while Dα denotes alpha diversity and Dβ beta diversity, 
respectively. Upper-case numbers indicate the hierarchical 
level at which given components were estimated (1: 
pond-level, 2: local region-level). ΔD denotes normalised 
differentiation indices. Values within the parentheses are 
one-tailed conservative P-values; significant differences 
are shown in bold.
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‘Upper’ and ‘Middle’ regions (this was also confirmed by 
the performed Bayesian clustering analysis), individuals 
were likely to be able to move among suitable breeding 
sites that are ca. 1.4 – 2 km apart under suitable weather 
conditions (e.g. on rainy days, as suggested by Weddeling 
et al., 2004). On the other hand, distances of 2.3-3.6 
km between ponds in the ‘Upper’ and ‘Lower’ regions 
generated detectable differences between demes in the 
study area.  Still, the estimated value of region-wise FST 
(0.010) was only a fraction of what is usually considered 
biologically significant because of reduced gene flow 
between populations (Frankham et al., 2010). Allelic 
differentiation measures also indicated that the number 
of local region equivalents was close to unity for most 
loci, and only 1.5 % genetic variation was distributed 
among regions. Our findings thus support and provide 
further genetic evidence for the idea that dispersal 
distance is likely to be underestimated in smooth newts 
and, in fact, individuals may regularly disperse between 
ponds, with some animals covering great distances and 
connecting apparently separate breeding populations 
(as suggested for many amphibians; Marsh & Trenham, 
2001; Smith & Green, 2005). Although differentiation 
in fixation measures was found to be higher in some 
Lissotriton species than the estimated value of regional 
FST in this study, these discrepancies were rather related 
to the spatial scales on which those studies were 
conducted. For instance, in L. graecus, Sotiropoulos et 
al. (2013) showed that the overall genetic differentiation 
among demes at 10 breeding ponds in a semi-natural 
landscape was moderate (FST with 95 % CI: 0.039 [0.011, 
0.092]), with geographical distance between localities 
ranging between c.a. 0.05 and 6.3 km. In the L. vulgaris 
meridionalis, Buono et al. (2017) showed that pairwise 
FST values between three locations that were 10.1–15.7 
km far from each other ranged between 0.081 and 0.132.
Previous works have pointed out that allelic and fixation 
differentiation measures do not provide the same 
information about the genetic variation in populations, 
but quantify complementary aspects of the prevailing 

genetic structure (Bird et al., 2011; Caballero & García-
Dorado, 2013; Jost et al., 2018). Here we used both 
hierarchical FST and Shannon entropy-based ΔD indices 
for estimating genetic differentiation. Because the 
results for the two types of measures were in agreement, 
we are confident that the detected small, but significant 
local region-level genetic differentiation reflects a 
genuine pattern of genetic variation between smooth 
newt breeding ponds across the study area. Our results 
highlight that limited dispersal distance in amphibians 
should not be assumed automatically, but needs to be 
measured directly/inferred to indirectly from genetic 
data in the species of interest.  The capacity of a species to 
exchange individuals between (sub-)populations is often 
determined by an interaction between spatial distance and 
individual land use.  Some habitat features can facilitate 
animals’ movement through a landscape.  For example, 
water bodies that are unsuitable for reproduction still 
may serve as stepping stones connecting distant breeding 
sites, while habitat features representing barriers cause 
genetic discontinuities.  In line with that, in the sympatric 
crested newts (Triturus cristatus), landscape factors such 
as forest gravel roads and south/south-west facing slopes 
contributed substantially to genetic differentiation 
between populations together with geographic distance 
(Haugen et al., 2020). In the palmate newt, L. helveticus, 
car traffic on secondary roads was found to select for 
short-legged newts due to a higher mortality of more 
mobile individuals characterised by long hind limbs, thus 
hind limb length, and consequently animals’ dispersal 
ability, changed according to a landscape characteristic 
in the studied subpopulations (Trochet et al., 2016). In 
our study, both the permutation tests and the clustering 
analysis indicated that genetic distinction between 
two local regions, although roads did not separate 
them specifically. This finding, together with the lack 
of correlation between the observed distribution of 
genetic variation and geographic distance between 
ponds, implies that natural landscape parameters that 
were not taken into account here may have important 
roles in shaping genetic differentiation patterns in 
smooth newts as well.  Previous studies have successfully 
integrated the identification of influential landscape 
characteristics into their investigations of connectivity 
between populations in various amphibian species (e.g., 
Atlas & Fu, 2019; Lenhardt et al., 2017; Haugen et al., 
2020).  We propose that a similar approach should also 
be adopted by future population genetics studies on this 
caudate species, as both natural barriers and human-
induced environmental changes may affect first and most 
severely those occasional migrants that connect distant 
breeding populations, ultimately leading to hindered 
gene flow and strong genetic structure at relatively small 
geographical scales.
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native lizards, including P. raffonei, through competition, 
displacement and hybridisation (Capula et al., 2002). The 
overall colonising success of P. siculus is considered to 
be due to quick acclimatisation and adaptability to new 
environmental conditions propensities, dispersal abilities 
(Deichsel et al., 2010; Vignoli et al., 2012), and likely to 
effectiveness and precision at regulating its Tb (Kapsalas 
et al., 2016; Ortega et al., 2016).  Although the constraints 
of the thermal environment may affect ectotherm 
species distribution and population density, they have 
been rarely considered jointly with the possible outcome 
of interspecific competition, i.e. between invader and 
native species (Angert et al., 2002).
 Preliminary data on field Tb of Podarcis raffonei 
were published by Lo Cascio (2006) and Capula et al. 
(2014), but up to now the thermo-physiological and 
thermo-ecological characteristics of this species versus 
its potential competitor (P. siculus) have remained 
largely unexplored. In addition, no study is available on 
the thermal ecology of these species under identical 
environmental quality conditions. 
 In the present study, by two experiments in controlled 
arenas, we analyse the thermoregulation characteristics 
of the two species within the same range of available 
temperatures. In previous studies, P. siculus were more 
exploratory, bold and neophilic than the sympatric 
native congeneric lizards (Damas-Moreira et al., 2019). 
Therefore, it can be hypothesised that P. siculus may also 
differ from P. raffonei in thermoregulation performance. 
Specifically, we tested in comparative experiments (i) 
the heating rate under standard thermal conditions, 
and (ii) the temperature at which lizards ended basking 
(Tfinal) along a thermal gradient. We expect that the 
possible competitive advantage of P. siculus on P. raffonei 
should be, among other factors (Mencía et al., 2017), in 
thermoregulation traits (Angilletta, 2009) rather than in 
anatomical adaptations (Camacho et al., 2015). That is: 
(i) the two congeneric species do not differ in the rate 
of heating rates due to morphological and anatomical 
similarities (Gvoždík, 2002), and (ii) P. siculus is more 
efficient than P. raffonei in some traits of the thermal 
biology (i.e. faster achievement of and/or lower Tb to 
enter activity).

MaterialS and MetHodS

Study species
The Aeolian lizard Podarcis raffonei is a small lizard, up 
to 7.5 cm SVL, that inhabits harsh environments (for 
instance, in Strombolicchio and La Canna islets), with 
rocky walls facing the sea and very sparse vegetation. In 
Vulcano, P. raffonei inhabits a human-altered area and 
some small promontories (Corti & Lo Cascio, 1999). The 
Italian wall lizard P. siculus is a medium-sized (up to 9 cm 
SVL, Corti et al., 2010) species that ranges throughout 
Italy south of the Alps, including many islands in the 
Tyrrhenian Sea, and along the Adriatic coastal area to 
Montenegro. It is also an invasive species established 
in several countries outside its native range (Crnobrnja-
Isailovic et al., 2009). 

Protocol
Lizards were collected from two areas: we sampled P. 
raffonei individuals in May 2017, at the Capogrosso 
area in the island of Vulcano (Sicily; 38°25'6.98"N, 
14°56'32.80"E).  For logistical reasons we were unable to 
catch P. siculus individuals from the Aeolian Archipelago. 
However, since this species is extremely widespread, 
ecologically generalist and even introduced in different 
regions of the world, we collected individuals of this 
species in the same location where P. raffonei was hosted 
(Rome, Latium; 41°54'59.99"N, 133 12°29'16.77"E) 
also to avoid translocation of an invasive species. The 
Aeolian lizard population was collected for an ex-situ 
conservation project headed by the Department of 
Sciences – Roma Tre University and the Fondazione 
Bioparco di Roma. After the capture, the individuals 
were transported to the facilities of the Reptile House 
at the Fondazione Bioparco di Roma, formerly known as 
the municipal zoo in Rome. Capture, captive keeping and 
authorisation for performing studies were given by the 
Ministry of the Environment and the Protection of the 
Territory and the Sea (note 0008937; May 2nd, 2017).  
Sex was determined by the presence/absence of active 
femoral pores (present in males) and by the width and 
shape of the head (larger in males).  All lizards were 
adults, females were not pregnant, and each of them 
was measured for the snout-vent-length (SVL, mm). All 
individuals were housed in enclosures (1.0 x 1.0 x 0.9 m), 
with sand as substrate, pine bark as refuges and density 
set at 5 individuals/m2. 

experiment i – accumulation of heat
In order to analyse whether there were any differences 
between P. raffonei and P. siculus regarding the heating 
rates, we impeded lizard individuals to adopt any 
behavioural compensatory mechanism while being 
tested (Gvoždík, 2002) by placing them into a fauna-box 
(10 cm x 15 cm), filled with river sand as a substrate, 
that was positioned within a larger storage box. Above 
the box an infrared heating lamp (Philips 230-50V) was 
positioned vertically, supported using a tripod. We 
measured temperature at the ground inside the fauna-
box in five points (four vertices and the centre) by using 
a digital laser infrared thermometer (±0.1 °C; Seafront 
AT380) set for the measurement of sandy substrates. 
The reduced box size allowed obtaining a homogeneous 
temperature (32 ± 0.3° C; mean ± SD) within the box 
to test thermoregulation efficiency of lizards under the 
same conditions of radiation. The duration of the heat 
exposure was 10 minutes. The set of temperatures 
used in our experiment did not exceed 33 °C, in order 
to not exceed the maximum of the average Tb recorded 
in the field for P. raffonei individuals at Faraglione and 
at Strombolicchio islets (respectively, 34.7 °C and 33.2 
°C) (Lo Cascio, 2006, 2010).  For each tested individual, 
the body temperature at the start of the experiment 
(Tinitial) was measured by inserting a K-type thermocouple 
probe (0.5 mm in diameter) connected to a digital 
microprocessor thermometer (HD9218, Delta Ohm, Italy) 
5 mm into its cloaca (Gvoždík, 2002). After Tinitial recording, 
the individual was introduced into the fauna box. 
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Lizard thermoregulation is costly and is largely behavioural.  Podarcis raffonei, endemic of few islets of the Aeolian archipelago 
(southern Italy), is one of the most threatened lizards in Europe, its survival being under threat also due to the presence of the 
congeneric P. siculus, a successful invader characterised by behavioural plasticity and effectiveness and precision at regulating 
body temperature (Tb). We tested whether thermoregulation behaviour diverges between the two species by analysing (i) 
the heating rates under a standard thermal condition, and (ii) the temperature at which lizards ended basking (Tfinal) along 
a thermal gradient. Overall, we found behavioural differences between the two lizards (i.e. P. siculus exhibited lower Tfinal), 
although both species had comparable heating rates and thermoregulated in the same thermal conditions. The invasive P. 
siculus had lower Tfinal and, since heating rates were similar between species, it expended less time basking than native P. 
raffonei. We speculate that the observed thermal ecology differences could provide a selective advantage to P. siculus in the 
harsh island environment. 
 

Keywords:  Podarcis raffonei, Podarcis siculus, lizard, biological invasion, competition

IntroductIon

Ectothermic organisms, such as reptiles, regulate their 
body temperature (Tb), in relation to the external 

environmental temperatures, within a restricted range 
close to their physiological optimum (Cowles & Bogert, 
1944; Shine & Kearney, 2001; Seebacher, 2005). The 
extent of the thermoregulation process varies from 
species to species, within populations, and among 
different environments, along a continuum from a wide to 
a narrow thermal range (e.g. Ruibal & Philibosian, 1970; 
Adolph, 1990; Hertz, 1992) also in relation to climate 
(e.g. Shine & Madsen, 1996) and microclimate (e.g. Paci 
et al., 2018). Thermoregulation is largely behavioural in 
reptiles, including lizards (Spellerberg, 1972; Castilla et 
al., 1999), and the maintenance of optimal physiological 
performances is unequivocally habitat-selection-
dependent (e.g. Huey, 1991; Reinert, 1993).  For 
instance, body temperature (Tb) regulation in lacertid 
lizards is controlled by (i) adapting activity patterns to 
the external temperature range, (ii) selecting thermally 
favourable micro-habitats (e.g., basking spots) and (iii) 
using postural adjustments that alter the exchange of 
heat with the environment (Bauwens & Herts, 1996). 
 Interspecific competitors can temporarily disturb 
the achievement of optimal Tb by pushing away from 

or exploiting optimal basking places, thus leading to 
a reduction in performance by direct competition or 
interference (Cady & Joly, 2003; Luiselli, 2008; Žagar et 
al., 2015). 
 In Europe, where the thermal ecology of lizards has 
been generally intensely studied (e.g. Ortega & Martín-
Vallejo, 2019), several threatened species do occur in 
small Mediterranean islands (IUCN, 2020). In these arid 
islands, lizard populations generally face extreme scarcity 
of trophic resources and individual thermoregulation 
can be affected by strong temporal changes in both 
abiotic and biotic conditions, thus limiting the time 
available to forage (see Pèrez-Mellado, 1989; Castilla & 
Bauwens, 1991; Lo Cascio, 2006; Capula & Lo Cascio, 
2011; Capula et al., 2014). The IUCN’s (2020) Critically 
Endangered Aeolian lizard, Podarcis raffonei (Mertens, 
1952), endemic of the Aeolian archipelago in southern 
Italy (Capula et al., 2002), is the most threatened lizard in 
Europe (Capula, 2004; Capula & Lo Cascio, 2006, 2011). 
The continued survival of this species is uncertain due 
not only to the very small range (Capula et al., 2002), 
but also to the presence of the congeneric Italian wall 
lizard P. siculus (Rafinesque-Schmaltz, 1810) (Capula et 
al., 2002), an invasive lacertid accidentally introduced 
in historical time in the Aeolian Archipelago. It has 
been hypothesised that P. siculus can negatively impact 
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fixed factors: species and sex; covariates: SVL, “total 
time”, Tinitial); (4) species, sex, basking site on “total time” 
(normal error distribution; dependent variable: “total 
time”; fixed factors: species and sex; covariate: SVL).  For 
each model, we estimated the overall fit by means of 
regression between sum of squares of the total model vs. 
residuals (multiple R2; for the General Linear Models) and 
of ratio between degree of freedom and scaled deviance 
(DoF/SDev; for the Generalised Linear Models). Models 
with high multiple R2 or ratio DoF/SDev around 1 were 
considered as satisfactorily explaining all (random) error 
variability in the data (i.e. no overdispersion) (Nelder & 
Wedderburn, 1972). All the models provided a good fit 
to the data but model (4) that showed a marginal lack of 
fit (see Supplementary Material). All tests were carried 
out by using Statistica v 8.0 (Statsoft) with two tails and 
alpha set at 0.05.

reSultS

experiment i – accumulation of heat
The data referring to the individuals tested for the 
accumulation of heat experiment are summarised in 
Table S1. There was no significant effect for any of the 

predictors tested in the Repeated Measures ANOVA 
model except for the sex. The temperatures reached 
through the one-minute-step did not vary significantly 
between the two species (Table 1; Fig. 2). Female 
Tb was significantly higher than males in the first 
3-minutes of treatment before slowing down reaching 
the same trend as males for the rest of the treatment 
(F1,19 = 5.60, P = 0.028). On the other hand, ΔT was not 
influenced by sex, species, or interaction species*sex 
(for all tests, F≤0.865 and p≥0.360).  Similarly, the Tfinal 
was not influenced by any of the considered factors and 
covariates (for all tests, F≤1.670 and p≥0.208).

experiment ii - thermoregulation behaviour
A first GLM model showed that species, sexes and their 
interaction did not influence the choice of the basking site 
(for all effects, Wald≤1.663; p≥0.197). As for Tfinal, only the 
basking site (F1,19=14.390, p<0.001) and the interaction 
term species*sex (F1,19=5.328, p=0.032) showed an effect 
(Table S2).  Individuals that used the hot spot showed 
higher Tfinal (29.9±2.3 °C) than lizard that thermoregulated 
in the remaining sectors (24.8±2.4 °C). Moreover, P. siculus 
males had Tfinal lower (26.36±2.71 °C) than P. raffonei 
males (29.33±2.20 °C) regardless of body size (SVL) and 
Tinitial (Post-hoc test: p<0.01; Fig. 3). There was a positive 
effect of the basking site on ΔT (F1,18=13.132, p=0.001), 
with individuals basking on the hot spot showing a greater 
ΔT than those basking elsewhere (Table S3).  There was 
a positive correlation between ΔT and Tinitial (F1,18=20.711, 
p<0.001), that is the lower the Tinitial the more the difference 
with Tfinal. No effect of species, sex, SVL, and ‘total time’ 
on ΔT was detected (for all tests F≤3.121 and p≥0.094), 
whereas a positive effect of the species*sex interaction 
term was observed (F1,18=6.769, p=0.018), with ΔT being 
significantly different between the two species: male P. 
siculus individuals accumulated lower ΔT than male P. 
raffonei. The ‘total time’ of the experiment duration was 
significantly different between the sexes (Table S4), with 
females of both species spending less time basking than 
males (F1,20=6.055, p=0.023).

diSCuSSion

Our study consolidates knowledge on how P. siculus 

Figure 2. Experiment on accumulation of heat. Cloacal 
temperature measured at 1-minute intervals for 10 minutes 
on males (squares) and females (circles) of P. raffonei and P. 
siculus. Vertical bars denote 95 % confidence intervals.

table 1. Results of the Repeated Measures ANOVA conducted on the rate of accumulation of heat by lizards. The effects 
of species and sex (group variables) on the cloacal temperature measured at 1-minute intervals (response variable) are 
shown. R1=treatment (10 repeated measures of cloacal temperature). 

effect SS doF MS F P
Intercept 182862.8 1 182862.8 8121.005 0
Species 21.5 1 21.5 0.953 0.341
Sex 126.1 1 126.1 5.599 0.028
Species*Sex 2.1 1 2.1 0.094 0.762
Error 427.8 19 22.5   
R1 3302.4 10 330.2 261.428 <0.001
R1*species 6.5 10 0.6 0.514 0.879
R1*sex 5.9 10 0.6 0.47 0.908
R1* Species*Sex 5.5 10 0.5 0.434 0.928
Error 240 190 1.3   
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During the 10 minutes of test, the cloacal temperature 
was measured 10 times, once per minute. The time 
taken to take the individual and measure the cloacal 
temperature (average = 15 seconds) was homogeneous 
for the various measurements and among the various 
individuals, thus it did not bias the thermoregulation 
process and measurements.  After measuring the cloacal 
temperature, the individual was quickly repositioned in 
the box.  After the 10 minutes of testing, the final cloacal 
temperature (Tfinal) was measured. We defined as ΔT the 
difference between Tfinal and Tinitial. No individual that 
was housed in the experiments died or lost its tail, thus 
indicating that the welfare of the captive animals was 
adequately maintained.

experiment ii - thermoregulation behaviour
In order to evaluate differences in the performance of 
thermoregulation and to evaluate any difference between 
the two species as for the behavioural regulation of body 
temperature in thermally heterogeneous habitats (e.g. 
basking duration, choice of the basking site), experimental 
arenas were built with a gradient of basking temperatures 
that could be chosen independently by individuals during 
the test. Seven individuals were randomly selected 
for each species and sex. This small sample size was 
due to the extreme rarity and threatened status of P. 
raffonei. The arena was prepared inside a climatised 
room with temperatures ranging 15-17 °C. The ambient 
temperature was selected to have almost inactive 
animals to be tested.  Inside the room, we placed four 1 
m x 1 m boxes to house the animals (divided by species 
and sex) as well as the experimental boxes within which 
to conduct the tests. The setting of the experimental 
boxes was dictated by the need to make a basking area 
that would provide a temperature gradient with a single 
> 30 °C spot not straightforwardly available to lizards (i.e. 
raised above the ground). This hot spot was made by 
placing a piece of cork (10 cm height and 5 cm2 in upper 
surface) under a spot lamp (Sera Reptil Alu Reflector 
200; diameter 200 mm) carrying a bulb (Solar raptor UV 
HID-lamp-70 W spot-beam) (Fig. 1). The basking area 
generated by the lamp heat consisted of a gradient of 
decreasing temperatures the further away from the hot 
spot. The temperature gradient was subdivided into 
eight radial sectors out of which six were evenly spaced 
(by 5 cm), representing distinct basking sites associated 
with different temperatures (Fig. 1). Temperature at the 
ground of the various basking areas was measured by 
a digital laser infrared thermometer (0.1 °C; Seafront 
AT380) set for the measurement of sandy substrates 
both before each experiment and after two hours from 
turning on the lamps to allow them to reach steady 
temperature. On top of the cork the temperature was 
31.0 °C, 7 °C higher than at the ground (sector 1) (Fig. 1). 
We set 31.0 °C as maximum temperature following the 
same reasons as in experiment I.  Before starting each 
experiment, the air temperatures of the room and the 
experimental arena were recorded. Furthermore, before 
starting the test, the cloacal temperature (Tinitial) of each 
lizard was also measured. 
 The beginning of the experiment started by 

positioning the animal in the furthest point opposite the 
hot spot (sector 8, at room temperature; Fig. 1). All the 
various movements and the time spent by the lizards 
across sectors were recorded. The test ended when the 
animal left the thermoregulation area and moved to 
sector 8 for at least one minute. The total duration of 
the experiment was recorded (total time, seconds). At 
the end of each test, cloacal temperatures (Tfinal) were 
recorded. All the experiments were video-recorded 
with the experimenters being not visible to the lizards. 
The experiments were conducted between 10:00 AM 
and 03:00 PM (Rome standard time) and involved two 
persons (YC and LV).

Statistical analyses
We built several General and Generalised linear models 
to test the effect of species, sex, SVL, and basking site on 
the thermoregulation behaviour of the lizards. To test the 
rate of heat accumulation, we conducted a GLM (Repeated 
Measures ANOVA) with the cloacal temperature 
measured at 1-minute intervals as response variable, 
species and sex as fixed factors, and the 10 repeated 
measures of cloacal temperature as the treatment. We 
tested the effects of (1) species and sex on the basking 
site (defined as hot spot vs. remaining sectors of the 
thermal gradient) choice (binomial error distribution 
and link logit function; dependent variable: basking site; 
fixed factors: species and sex; covariate: Tfinal); (2) species, 
sex, basking site on Tfinal (normal error distribution; 
dependent variable: Tfinal; fixed factors: species and sex; 
covariates: SVL, Tinitial); (3) species, sex, basking site on 
ΔT (normal error distribution; dependent variable: ΔT; 
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Figure 1. Arrangement of the experimental arena. Relative 
distance from the hot spot (1) and temperature at ground (°C) 
for each sector (2-8) are also indicated.
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appears to be a precise (Van Damme et al., 1990) and 
accurate (Kapsalas et al., 2016) thermoregulator, and 
also reveals the ability to enter activity at lower Tb than 
P. raffonei. These features may not represent direct 
advantages in interspecific competition. However, it 
is possible that, by improving the overall effectiveness 
of thermoregulation, P. siculus may have advantages 
to overcome the thermal challenges of new and/or 
changing environments (Kapsalas et al., 2016). 
 As expected, the two study species thermoregulate 
actively by basking, and the time spent at basking may be 
considerable for lizards (Avery, 1976). Therefore, lizards 
that spent less time in basking may invest more time in 
other activities (for instance, foraging and mating). Thus, 
minimising the basking time would convey selective 
advantages in terms of both fitness and survival (for 
instance, by reducing predation risk due to minimised 
exposure time). Biophysical models predict that the 
time spent by lizards in basking may be reduced through 
physiological or behavioural adjustments of two traits: 
set-point temperature (= preferred Tb) and heating rate 
(Bakken & Gates, 1975). Although we did not estimate 
the preferred Tb in a laboratory photothermal gradient 
(Gvoždík, 2002), we obtained the temperature at which 
lizards stop basking in laboratory conditions (Tfinal). Tfinal is 
therefore proportional to the time spent in basking by a 
given species, all other things being equal. In our case, P. 
siculus should be advantaged as its Tfinal was lower than 
that of P. raffonei. Instead, our lizards of both species 
showed comparable heating rates and thermoregulated 
in the same thermal conditions. Therefore, we expected 
that Tfinal contribute the most to reduce basking time 
(Huey & Slatkin, 1976). 

accumulation of heat
As expected, the temperatures reached at each one-
minute step did not vary significantly between the two 
species indicating that the two species accumulate heat 
in the same way and do not present significant differences 
in accumulating body heat (Gvoždík, 2002).  The observed 
intersexual difference is likely due to the sexual size 
dimorphism in Podarcis species (Kaliontzopoulou et al., 

2007), with males significantly larger than females. In 
fact, a smaller body accumulates heat at a faster rate, all 
other factors being equal (Avery, 1976). 

thermoregulation behaviour
Males of P. siculus enter full activity at a lower body 
temperature than males of P. raffonei.  This finding 
would suggest that the lower Tfinal observed in P. siculus 
may confer a selective advantage over P. raffonei during 
the daily routine activities. The highest Tfinal was observed 
in those individuals that thermoregulated in the sector 
1 (hot spot), regardless of species and gender. That is, 
under experimental conditions, P. siculus and P. raffonei 
did not show apparent difference in the selection 
of the hotspot. We also found that P. siculus did not 
thermoregulate faster than P. raffonei. Instead, female 
thermoregulation was shorter than in males irrespective 
of species. This finding supports the evidence obtained 
through the experiment on heating rates. The lack of 
interspecific divergence in basking duration seems to 
be counterintuitive given the lower Tb that was needed 
by P. siculus to end basking. We speculate that, since 
thermal quality of the basking site (i.e. hot spot vs. 
remaining sectors) influenced Tfinal, the expected shorter 
basking time by male P. siculus may have been blurred 
by stochastic choice of basking site. This hypothesis is 
partly supported by the fact that P. siculus males had 
a higher variance of Tfinal than those of P. raffonei, thus 
indirectly revealing a higher heterogeneity in basking 
site (= sector) selection. In nature, where optimal and 
suboptimal basking sites are likely equally accessible, 
the advantage of a lower Tb needed to end basking and 
entering full activity is expected to also confer a faster 
thermoregulation process (Kapsalas et al., 2016).
 In conclusion, our study pointed out that there are 
subtle differences in the basking quality and correlated 
behaviours between an invasive lizard and a threatened 
endemic species, with potential implications for 
coexistence dynamics.  Obviously, it cannot be excluded 
that the observed thermoregulation differences between 
the species may be non-relevant for the interspecific 
competition outcome. Other factors are possibly 
involved in giving P. siculus a potentially competitive 
advantage over the native species, like diet strategy, 
aggressive behaviour, or running speed mediated by Tfinal. 
These and other factors are likely to influence overall 
lizard behaviour and to contribute to the outcome of 
interspecific interactions.  We would urge researchers to 
perform further field and mesocosm long-term studies 
on the thermal ecology of these two species, in order 
to verify whether the observed interspecific differences 
may influence the respective fitness of the coexisting 
populations.
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Agriculture intensification is among one of the major threats affecting terrestrial reptiles worldwide.  There is however 
a lack of information available on the ecology of these vertebrates in agricultural landscapes. Basic information like the 
pattern of occurrence in cultivated fields is key to assess the probability of an animal being affected by threats driven by 
agricultural managing.  Focussing on the Italian wall lizard (Podarcis siculus), we performed a field study to assess in detail its 
distribution and abundance in two cultivations, vineyards and cereal fields.  Lizard distribution and abundance significantly 
varied among land uses, regardless of the arthropod fauna composition and diversity (analysed in the same fields), and the 
management activities. In the cereal fields, lizards were present exclusively along the field margins while in the vineyards 
they also occurred in the inner portions of the cultivated areas, even if they were more abundant next to the borders. The 
widespread presence of lizards in the vineyards suggest that P. siculus can likely adapt to such cultivated areas. This partly 
lowers the effect of habitat loss due to vineyard planting but exposes animals to the risks related to management activities, 
including mechanical practices and chemical application. In contrast, the presence of sowed lands, as extremely simplified 
habitats, results primarily in a definitive loss of habitat for lizards that are unable to settle within them, while the exposure 
to threats driven by management is less direct than in vineyards.

Keywords:  agriculture, Podarcis, reptiles, wildlife protection 

IntroductIon

Agricultural intensification has widely transformed 
the traditional agricultural landscapes throughout 

the European countries, including the Mediterranean 
region, typically replacing complex and heterogeneous 
landscapes with simplified and depleted ones (Benton et 
al., 2003; Tscharntke et al., 2005). Intensively cultivated 
areas have rapidly expanded to the detriment of patches 
of natural and semi-natural vegetation, small croplands 
and ecotones, resulting in habitat loss, landscape 
uniformisation and becoming the leading cause of 
biodiversity loss in agroecosystems (Sala et al., 2000). 
 Agriculture intensification and intensive use of 
natural resources are among the most common threats 
affecting terrestrial reptiles worldwide (Gibbons et 
al., 2000; Todd et al., 2010; Böhm et al., 2013). These 
vertebrates, usually have relatively small home ranges 
and a limited dispersal ability (Huey, 1982), thus being 
directly exposed to the effects of changes in land use 
and agricultural management. The presence of reptiles 
(and especially lizards) can play an important ecological 
role in agro-environments. The diet of these vertebrates, 
being mainly insectivorous and less often showing 
specialisation, allows them to survive and attain relatively 

high densities also in depleted ecosystems (Regal, 1983), 
as cultivated lands can be, thus providing an important 
food resource for higher level predators. Consequently, 
changes in their population densities can have cascading 
effects on other trophic levels over the long-term (Martín 
& López, 1996; Díaz et al., 2006). With this perspective 
in mind, analysing and monitoring lizard distribution 
and density in agricultural habitats can be of particular 
interest for wildlife conservation. There is a general lack 
of information available on the distribution and ecology 
of reptiles in agricultural landscapes, especially at field 
scale (but see Wisler et al., 2008; Biaggini et al., 2009; 
Amaral et al., 2012a; Biaggini & Corti, 2015; Biaggini 
& Corti, 2017), as well as on the effects of agriculture 
management on these vertebrates (Driscoll, 2004; Berry 
et al., 2005). Analysing the occurrence of a species 
inside agricultural habitats is essential to assess its risk 
of exposure to possible threats driven by management, 
such as mechanical activities or a chemicals’ application. 
Indeed, the probability of animals to be exposed to a 
certain threat mainly depends on the overlap (in time 
and space) between their presence and the appearance 
of the threat in the fields (Ockleford et al., 2018).
 In this study we analysed, at the field-scale, lizard 
distribution and abundance inside different agricultural 
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each site, transects were parallel and more than 15 m 
far apart one to the other, to prevent multiple recordings 
of the same individual.  Transects were walked in May 
and September – October 2006, on sunny days between 
7:00 and 19:00 h, covering the whole daily activity 
period of Podarcis siculus (Foà et al., 1992). In the same 
sites we sampled epigeal arthropods, using 28 pitfall 
traps randomly distributed (16 in the cereal fields, 12 
in the vineyards), filled with a solution of vinegar and 
acetylsalicylic acid.  Traps were emptied and replaced once 
every 14 days from April – July (five sampling periods). 
This method is particularly suitable for collecting ground-
dwelling arthropods (Biaggini et al., 2007) that represent 
the majority of the diet of P. siculus (Pérez-Mellado & 
Corti, 1993), thus providing information on the potential 
food availability.  All arthropods were identified to the 
level of order; after identification, specimens were oven 
dried at 70 °C and for each trap, the content of the 
single samplings was weighed to the nearest 0.0001 g. 
In order to further verify a possible correlation between 
lizard and arthropod fauna presence, we collected data 
on P. siculus density and arthropod fauna diversity 
in agricultural lands, from papers listed in Table 1 and 
related databases.  All data were gathered with the same 
techniques used for the present study. 

Statistical analyses
We divided each transect into 10 m long segments (667 
segments in total) and for each segment we extrapolated 
the number of lizards observed.  In order to analyse lizard 
abundance, we performed a Generalised Linear Model 
(GLM) using the number of lizards per segment as the 
dependent variable (not normally distributed even after 
log-transformation, Kolmogorov-Smirnov: n = 667, d 
= 0.415, P < 0.01), land use (vineyards vs cereal fields), 
distance from the nearest uncultivated margin (from 0 

– 10 m to 60 – 70 m) and season (spring vs autumn) as 
fixed factors. 
 In order to characterise the superficial arthropod 
fauna of the study sites, we analysed faunal composition, 
biodiversity (using the Shannon-Wiener index calculated 
on arthropod orders, H) and dry weight (as a proxy of 
biomass).  We assessed the pattern of faunal composition 
among the 28 traps by performing a Principal Component 
Analysis (PCA) on the relative proportions of arthropods’ 
orders, calculated on the total number of specimens 
(we arcsine transformed the proportions to avoid the 
complications present in analysing compositional data). 
We analysed arthropod diversity and biomass through 
GLM analyses, using H (Kolmogorov-Smirnov: d = 0,064, 
p = n.s.) and the dry weight (Kolmogorov-Smirnov: d = 
0,068, p = n.s.)  of single samplings as dependent variables, 
land use (vineyards vs cereal fields) and distance from the 
field margin (near if < 10 m; far if > 10 m) as fixed factors. 
In these analyses we used the 10 m distance from the 
nearest margin to classify traps as near or far from the 
border, corresponding to the transect segment giving 
the strongest results for lizard density. With the aim of 
further investigating the possible correlation between 
lizard abundance and arthropod diversity, we performed 
a GLM on the reference data listed in Table 1, considering 
lizard density as dependent variable, H index calculated 
on arthropod orders and season as continuous and 
categorical predictors, respectively. We used STATISTICA 
software for all the analyses (StatSoft, Inc., 2011).

reSultS 

The number of lizards observed in 10 m long segments 
with increasing distance from the margins towards the 
inside of fields significantly differed among land uses, 
distances from field margins, seasons and in relation 

L izard occurrence and conservat ion in  agr icultural  lands

Figure 2. Mean number of lizards observed in 10 m transects’ segments at increasing distances from uncultivated field 
margins, inside vineyards (black circles) and cereal fields (white squares), in spring and autumn.
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land uses, focussing on the Italian wall lizard, Podarcis 
siculus (Rafinesque-Schmaltz, 1810). This species is 
quite widespread inside agricultural landscapes and, 
at least to some extent, it is able to adapt to and take 
advantage of human-altered environments (Biaggini 
& Corti, 2015; Biaggini & Corti, 2017). In particular, we 
wanted to determine the actual occurrence of lizards in 
two cultivations common to central Italy, vineyards and 
cereal fields, verifying if (and how far) lizards are present 
inside the cultivated patches or if they occur just along 
the field boundaries. Moreover, in order to test if food 
availability could be a driver shaping lizard distribution in 
the two land uses, we also analysed the arthropod fauna 
composition and diversity in the same fields. 

MetHodS

Study species
Podarcis siculus is a medium sized lacertid lizard mainly 
distributed in Italy, in most of the surrounding islands, 
and along the eastern coast of the Adriatic Sea. In 
Central Italy, where the study was performed, P. siculus 
concentrates its annual activity between early spring 
and late autumn, usually occurs at low elevation, and 
in open habitats (Corti et al., 2010). When compared 
with syntopic species, P. siculus shows a preference for 
relatively arid vs. humid microhabitats, both on rocky 
surfaces and open meadows, avoiding tree cover (Van 
Damme et al., 1990; Capula et al., 1993).

Study area
The study was performed in an agricultural area in central 
Italy (43°40’ N, 11°09’ E, total extension = about 280 ha; 
elevation = 90 – 150 m a.s.l.; annual range of temperature 
= -0.1 – 35.9  °C; annual precipitation = 620.80 mm), in four 
vineyards and two cereal fields (Fig. 1).  We choose sites 
lying on the same slope in order to reduce the variability 
of environmental factors like sun and wind exposure. This 
choice limited the number of cereal fields available for 
samplings.  On the other hand, due to the irregular shape 
of the vineyards, for this land use we had to include 
more than two sites in order to have a sufficient sample 
of transect segment far from the field margins (> 50 m, 
see Statistical analyses).  Vineyards were characterised 
by conventional management, including use of chemical 
compounds and mechanical management activities, 
while in the cereal fields (that were sowed in the autumn 
preceding our study) no agricultural practices, including 
harvest, were performed during our sampling period due 
to a wildlife management program. 

Sampling procedure 
In order to record lizard abundance, we performed 103 
linear transects (length ranging from 100 to 380 m) 
covering the surfaces of the four vineyards (76 transects) 
and the two cereal fields (27 transects).  Considering 
that Podarcis lizards usually run distances of less than 3 
m while escaping from potential predators (e.g., Rugiero, 
1997; Diego-Rasilla, 2003; Biaggini et al., 2009), within 

M. Biaggin i  & C.  Cort i

Figure 1. Examples of the surveyed land uses: cereal fields (above) and vineyards (below) during field activity, in May 
(left) and September (right). 
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demand for effective conservation measures is pressing, 
such information is very scarce, especially for some 
vertebrates. We found substantial differences in the 
distribution of the Italian wall lizard among agricultural 
land uses. In the cereal fields, lizards were present 
exclusively in a narrow belt along the field margins while 
in the vineyards they also occurred in the inner portions 
of the cultivated areas, though with significantly lower 
densities than next to the borders (in the first 10 m). In 
autumn, we recorded the same pattern of distribution 
than in spring in both land uses, but with higher 
lizard densities due to the large presence of juveniles 
(accounting for about 62 % and 68 % of lizards inside 
cereal fields and vineyards, respectively).
 The home range of Podarcis siculus covers up to 300 
m2 (Foà et al., 1990; Avery, 1993) and, consequently, 
most of lizards’ activities are probably concentrated 
in about a 10 m radius around the home range cores. 
Therefore, lizards recorded in the cereal fields, next to 
the borders, probably settle in the adjoining habitats.  
On the contrary, the occurrence of adults and juveniles 
(performing shorter movements; Braña, 2003) up to 70 
m inside vineyards may entail a quite stable presence 
of lizards in this land use, at least during the warm 
season (when sampling was performed). The two crops 
were characterised by comparable arthropod fauna 
composition and biomass, while the unmanaged cereal 
fields (where less lizards occurred) hosted higher levels 
of arthropod biodiversity than vineyards. Considering 
that P. siculus feeds mainly on epigeal arthropods 
without remarkable specialisations (Pérez-Mellado & 
Corti, 1993; Rugiero, 1994; Burke & Mercuro, 2002), 
these observations suggest that food availability, at least 
as revealed by our analyses, was not the key feature 
explaining the striking differences in the presence of 
lizards found between the two types of cultivated lands. 
Farming disturbance, as well, was not probably among 
the main factors influencing lizard abundance and 
distribution.  In fact, cereal fields were not managed 
during the study, while vineyards underwent the ordinary 
management, including machinery activity. 
 In accordance with Díaz & Carrascal (1991), who 
suggested that the structural requirements of habitats 
play a primary role in shaping lizard abundance, much 
greater than the role played by food availability, the very 
dissimilar habitat structure of cereal fields and vineyards 
could be a key factor influencing lizard presence in our 
study system.  At small scales, the occurrence of lizards, 
as well as of different animal groups, in terms of species 
composition and relative abundance, strictly depends 
on the vegetation features and physical structure of 
habitats (Tews et al., 2004; Vitt et al., 2007; Mizsei et al., 
2020). Sowed lands are extremely simplified habitats, 
characterised by only herbaceous vegetation (e.g., the 
cereal ears), bare soil and, consequently, by the almost 
complete lack of shade and shelters, except for quite 
deep vertical crevices when the soil dries, which may 
provide temporary refuges from predators.  Vineyards, 
on the contrary, display a more complex structure, 
offering lizards different shelters (soil crevices, holes at 
the base of the vine trunks and support poles, vine leaves 
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to the interaction of the three variables (Table 2, Fig. 
2). Vineyards hosted more lizards than cereal fields; 
for both land uses, we recorded the highest number of 
individuals in the first 10 m from the field margins and 
higher densities in autumn than in spring. In the cereal 
fields, we observed lizards exclusively in the first transect 
segments (0 – 10 m) and, in particular, within 3 m from 
the margins (personal observations).
 We identified 22 orders of arthropods, among which 
Collembola, Coleoptera, Hymenoptera and Diptera 
represented 56.5 %, 19.7 %, 10.2 % and 7.1 % of the 
collected specimens, respectively. Traps from different 
land uses showed no striking differences in faunal 
composition; however, traps from the cereal fields 
were clustered slightly leftmost along the axis of the 
first principal component (explaining 85 % of variance), 
with higher relative abundance of Coleoptera and lower 
abundance of Collembola (Fig. 3). A GLM performed on 
arthropod order diversity revealed higher values of the 
Shannon-Wiener index in the unmanaged cereal fields 
than in the vineyards (n samplings: cereal fields = 74, 
vineyards = 56; F = 15.886, P < 0.001), and no significant 
differences between marginal and inner portions of the 
fields in both land uses (n samplings: margin = 65, inside 
= 65; F = 0.083, P = 0.774). The same analysis performed 
on the arthropod dry weight revealed no significant 
differences among land uses (F = 1.913, P = 0.169) and 
with varying distances from field margins (F = 0.313, 
P = 0.577).  Lizard density did not vary in relation to 
arthropod diversity (n= 18, Wald = 0.121, P = 0.728) in 
spring and autumn (Wald = 0.965, P = 0.326) based on 
the reference data collected in Table 1. 

diSCuSSion
Assessing the patterns of occurrence of a species is 
crucial to identify the major threats suffered by animals 
and the extent of their exposure to such threats within 
a certain habitat. In agricultural landscapes, where the 

d.f. wald P n (tot = 667)

Intercept 1 1388.273 < 0.001

Distance from 
margin (1)

6 206.691 < 0.001 10, 20, 30, 40, 50 m 
= 103;  
60 m = 87; 70 m = 65

Land use (2) 1 345.177 < 0.001 Vineyards = 575;  
Cereal fields = 92

Season (3) 1 36.868 < 0.001 Spring = 140;  
Autumn = 527

(1)*(2) 6 104.473 < 0.001

(1)*(3) 6 27.059 < 0.001

(2)*(3) 1 30.331 < 0.001

(1)*(2)*(3) 6 31.369 < 0.001

table 2. Comparison of lizard density in 10 m 
transects’segments in relation to the distance from the 
nearest uncultivated margin (from 0-10 m to 60-70 m), 
the land use (vineyard vs cereal filed) and the season 
(spring vs autumn). The number of transects’segments 
(N) per comparison is shown.
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land use area, n. of sites n in 100 m (months) H (months) ref.

Unmanaged olive grove Sardinia, 1 0 (V-VI); 2.094 ± 0.227 (V-VI); d
0.889 ± 1.018 (X) 1.502 ± 0.326 (X)

Traditional olive grove S Tuscany, 6 0.806 ± 0.554 (V-VI) n.a. a
Sardinia, 6 0.889 ± 0.565 (III-IV) 2.004 ± 0.369 (III-IV) b

Sardinia, 1 3.704 ± 2.313 (V-VI); 
9.259 ± 5.481 (X)

2.402 ± 0.404 (V-VI); 
2.081 ± 0.217 (X)

d

Conventional olive grove S Tuscany, 3 0.077 ± 0.277 (V-VI) n.a a

Sardinia, 3 0.704 ± 0.539 (III-IV) 2.050 ± 0.384 (III-IV) b

Sardinia, 1 1.748 ± 0.780 (V-VI); 
2.747 ± 0.780 (X) 

1.840 ±  0.592 (V-VI); 
1.863 ± 0.114 (X)

d

Vineyard S Tuscany, 3 0.438 ± 0.729 (V-VI) n.a. a

N Tuscany, 4 0.997 ± 0.671 (V); 
2.569 ± 1.231 (IX-X)

1.576 ± 0.439 (IV-VI); 
n.a.

p.s.

Sowable land S Tuscany, 8 0.106 ± 0.550 (V-VI) n.a. a

N Tuscany, 1 0 (IV-VI); 
0.079 ± 0.238 (X)

1.797 ± 0.587 (V-VI); 
1.776 ± 0.923 (X-XI)

c

Veneto, 1 0 (IV-VI);  
0 (IX-X)

1.487 ± 0.477 (V-VI); 
1.228 ± 0.359 (IX-X)

c

Set aside N Tuscany, 1 0 (IV-VI); 
0.180 ± 0.270 (X)

1.817 ± 0.167 (V-VI); 
1.935 ± 0.352 (X-XI)

c

Veneto, 1 0.048 ± 0.167 (IV-VI);  
0 (IX-X)

1.480 ± 0.288 (V-VI); 
1.151 ± 0.750 (IX-X)

c

Unmanaged sowable land N Tuscany, 2 0.300 ± 0.483 (V); 
0.702 ± 0.323 (IX-X)

2.132 ± 0.270 (IV-VI); 
n.a.

p.s.

table 1. Mean values (± st. dev.) of density of Podarcis siculus (N in 100 m) and Shannon-Wiener index of arthropod 
orders (H) in several agricultural land uses in Italy (months of samplings are indicated in brackets; n.a. = not available). 
Data were extrapolated from reference papers and related databases (Ref.: present study = p.s.; Biaggini & Corti, 2015 
= a; Biaggini et al., 2015a = b; Biaggini et al., 2015b = c; Corti et al., 2015 = d). In italics: data not used in the analyses, 
here reported to give account of the range of P. siculus density in the considered land uses.

Figure 3. Scatter plot displaying PCA performed on arthropod order composition of the pitfall traps put in vineyards and 
cereal fields (marginal and inner portions for both land uses are represented).
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and trunks) and shadow, when vines sprout (from the 
end of March).  Such conditions in vineyards probably 
meet the conflicting needs imposed by thermoregulatory 
and anti-predatory requirements, allowing lizards to 
minimise the shuttling distance between sun (where 
they can bask) and the vegetation cover that provides 
both shade and the possibility of hiding (Carrascal & Díaz, 
1989). Habitats that are more complex usually reduce 
the exposure to predation for lizards (Huey & Slatkin, 
1976), among agricultural land uses as well (Biaggini 
et al., 2009). Analogously, the high density of lizards 
next to the margins of both land uses could be due to 
the complex structure of uncultivated boundaries in 
the study area, including shrubs and bushes, which are 
primarily important refuges for lizards (Strijbosch, 1988; 
Martín & López 1990; Martín & López 1998). Among 
cultivated lands, which are typically open habitats, the 
complexity of habitat structure allows higher abundance 
of reptiles in terms of both individuals and species 
(Biaggini & Corti, 2015). This pattern fits also if focussing 
on P. siculus, whose abundance inside agricultural lands 
follows a gradient of habitat complexity, higher in olive 
groves followed by vineyards and arable lands (Table 1). 
 Although further studies are needed to better 
understand the activity patterns of lizards within crops, 
our observations give some basic information on the 
distribution and abundance of these vertebrates in 
agricultural lands, which may have useful implications for 
conservation.  From the pattern of presence of a species 
inside a crop, we can infer its exposure to different threats 
such as habitat loss or management activities (e.g., 
chemical spread). In vineyards, P. siculus can probably 
find environmental conditions favourable enough to 
settle there, partly compensating for the habitat loss 
due to vineyard planting through adaptation to the new 
environment. However, the stable presence of lizards 
in vineyards may entail a high and direct exposure to 
the risks related to management activities, including 
mechanical practices (e.g., mechanical grape harvesting 
and tillage) and chemical application. There are few studies 
exploring the possible impacts of management on lizard’s 
populations, mostly focussing on pesticide application (e. 
g., Amaral et al., 2012a; Amaral et al., 2012b) and, at our 
knowledge, none of them deals with long-term effects. 
Moreover, in wild populations, complex interactions 
among ecological factors and human induced alterations 
occur, making it difficult to understand the mechanisms 
that, in some cultivated lands, allow lizards to cope with 
agricultural managing.  Focussing on such mechanisms 
could be key in order to assess the treatment thresholds 
allowing lizard populations to persist in land uses such as 
vineyards. In contrast, following our observations, lizards 
do not settle in cereal fields but exploit only the marginal 
zones of these crops (a few meters besides the uncultivated 
margins), probably for feeding or basking, as observed for 
other reptiles (Wisler et al., 2008). Thus, the presence of 
sowable lands, as extremely simplified habitats, results 
primarily in a definitive loss of habitat for lizards. Given the 
low dispersal ability of these vertebrates, the maintenance 
of uncultivated habitats becomes key for the conservation 
of lizards in agricultural areas dominated by arable lands. 

These observations further stress the negative impact that 
the expansion of huge monocultures has on the abundance 
and diversity of herpetofauna, along with the loss of those 
semi-natural landscape elements essential to maintain the 
connectivity in the unsuitable matrix of cultivated lands 
(Kleijn et al., 2011; Biaggini & Corti, 2015; Nopper et al., 
2017).  On the other hand, the field-scale analysis of lizard 
occurrence, suggests that in cereal fields the exposure to 
threats driven by management, such as chemical spread, 
is reasonably less direct than in vineyards. Consequently, 
the research effort to assess the risk for lizards to be 
exposed to pesticides in croplands should probably involve 
buffer habitats such as field margins, uncultivated patches, 
vegetated banks of rivers and ditches. 
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Amphibians often select oviposition sites based on a variety of cues that indicate the level of risk in the oviposition habitat. 
Surprisingly, the role of aquatic vegetation or habitat structure/complexity in anuran oviposition site selection has not been 
extensively studied even though it might affect perceived risk.  We examined the effects of free-ranging invasive western 
mosquitofish (Gambusia affinis) and artificial vegetation/habitat structure on colonisation of experimental pools by gray 
treefrogs (Hyla versicolor). Hyla versicolor avoided ovipositing in mesocosms with G. affinis. The presence of artificial 
vegetation/habitat structure had no effect on oviposition site selection by H. versicolor, whether alone or in interaction 
with G. affinis. Our experiment provides evidence for the avoidance of fish, and more specifically G. affinis, by ovipositing H. 
versicolor; but provides no evidence for a role of vegetation/habitat structure. 

Keywords:  Eggs, Gambusia affinis, habitat complexity, Hyla versicolor, oviposition, vegetation

IntroductIon

Adults of amphibians that breed in aquatic habitats 
often select oviposition sites based on a variety of 

cues indicating the level of risk to their offspring, including 
predation (Pintar & Resetarits, 2017b; Resetarits et al., 
2018; Smith & Harmon, 2019), desiccation or water 
holding potential (Rudolf & Rödel, 2005; Pintar & 
Resetarits, 2017b), competition (Schulte et al., 2011; Stein 
& Blaustein, 2015; Smith & Harmon, 2019), conspecifics 
(Rudolf & Rödel, 2005), and parasitism (Kiesecker & 
Skelly, 2000) (see also review in Blaustein, 1999; Buxton 
& Sperry, 2017).  For most of these cues, the parent 
selects an oviposition site that maximises the benefit 
to their offspring (Pintar & Resetarits, 2017a; Hawley 
Matlaga, 2018), but not always perhaps due to shifts 
in the offspring environment indicated by the cue (e.g., 
historically, low levels of tannins indicated a temporary 
pond without fish but more recently high tannin levels 
in pond due to invasive plants are harmful to offspring; 
Dodd & Buchholz, 2018). 
 Surprisingly, the effect of habitat structure and 
complexity, including the presence of submerged and 
surrounding vegetation, on oviposition site selection has 
rarely been experimentally studied to our knowledge. 
However, there have been some observational studies 
and field experiments that have examined this and 
related questions.  Natural oviposition sites (i.e., 
pools, wetlands, ditches) of the rice frog (Fejervarya 

limnocharis) had slightly higher vegetation cover (4 
%) than sites not used for oviposition (Xu & Li, 2013).  
Oregon spotted frogs (Rana pretiosa) appear to prefer 
to oviposit in flooded wetlands that have had reed 
canary grass (Phalaris arundinacea) removed by mowing 
compared to control wetlands (Kapust et al., 2012). In a 
field study, ponds in which adult green and golden bell 
frogs (Litoria aurea) bred had more aquatic vegetation 
on average than ponds in which they did not breed 
(Klop-Toker et al., 2016).  Glos et al. (2008) found that 
oviposition by Aglyptodactylus laticeps in artificial ponds 
was not affected by the presence or absence of leaf litter, 
but vegetative structure was not directly manipulated. 
 On its own, aquatic vegetation might be expected to 
affect the suitability of a habitat for tadpoles.  Females 
may choose sites with more aquatic vegetation as it 
can have a positive effect on offspring success. For 
example, aquatic vegetation may increase the feeding 
rate and food consumption of tadpoles by affecting 
the profitability of the habitat, at least during some 
times of the day (Warkentin, 1992). In addition, the 
effects of a predator on oviposition might be mediated 
by the presence of vegetation or habitat structure.  For 
example, the presence of aquatic vegetation can increase 
the survivorship of tadpoles in the presence of various 
invertebrate predators, possibly due to reducing the 
ability of predators to detect prey or by reducing capture 
success of the predator (e.g., Babbitt & Tanner, 1997, 
1998; Tarr & Babbitt, 2002; Kopp et al., 2006; Cuello 

https://doi.org/10.33256/31.2.8590

Harvard University Press, Cambridge, MA, doi: 10.4159/
harvard.9780674183384.

Rugiero, L. (1994). Food habits of the ruin lizard, Podarcis sicula 
(Rafinesque-Schmaltz, 1810) from a coastal dune in central 
Italy (Squamata: Sauria: Lacertidae). Herpetozoa 7, 71–73, 
doi: 10.1111/j.1469-7998.1966.tb03886.x.

Rugiero, L. (1997). Tail loss and escape behaviour in the Common 
Wall Lizard Podarcis muralis Laurenti, 1768. A preliminary 
analysis (Squamata: Sauria: Lacertidae). Herpetozoa 10 
(3/4), 149–152. 

Sala, O.E., Chapin III, F.S., Armesto, J.J., Berlow, E., Bloomfield, 
J. Dirzo, R., Huber-Sanwald, E., Huenneke, L.F., Jackson, 
R.B., Kinzig, A., Leemans, R., Lodge, D.M., Mooney, H.A. 
& Wall, D.H. (2000). Global biodiversity scenarios for the 
year 2100: Science 287(5459), 1770–1774, doi: 10.1126/
science.287.5459.1770.

StatSoft, Inc. (2011). STATISTICA (data analysis software system), 
version 10. www.statsoft.com.

Strijbosch, H., 1988. Habitat selection of Lacerta vivipara in a 
lowland environrnent. Herpetological Journal 1, 207–210.

Tews, J., Brose, U., Grimm, V., Tielbörger, K., Wichmann, M. C., 
Schwager, M. & Jeltsch, F. (2004). Animal species diversity 
driven by habitat heterogeneity/diversity: the importance 
of keystone structures. Journal of Biogeography 31, 79–92.

Todd, B.D., Willson, J.D. & Gibbons, J.W. (2010). The global status 
of reptiles and causes of their decline. In Ecotoxicology of 
Amphibians and Reptiles, Second Edition, 47–67. Sparling, 
D.W., Bishop, C.A. & Krest, S. (eds). Pensacoda, FL, USA: CRC 
Press.

Tscharntke, T., Klein, A.M., Kruess, A., Steffan-Dewenter 
I. & Thies, C. (2005). Landscape perspectives on 
agricultural intensification and biodiversity - ecosystem 
service management. Ecology Letters 8, 857–74, doi: 
10.1111/j.1461-0248.2005.00782.x.

Van Damme, R., Bauwens, D., Castilla, A.M. & Verheyen, R. 
(1990). Comparative thermal ecology of the sympatric 
lizards Podarcis tiliguerta and Podarcis sicula. Acta 
Oecologica 11, 503–512.

Vitt, L.J., Colli, G.R., Caldwell, J.P., Mesquita, D.O., Garda, A.A. 
& França, F.G.R. (2007). Detecting variation in microhabitat 
use in low-diversity lizard assemblages across small-scale 
habitat gradients. Journal of Herpetology 41(4), 654–663, 
doi: 10.1670/06-279.1.

Wisler C., U., Hofer & Arlettaz, R.L. (2008). Snakes and 
Monocultures: Habitat selection and movements of female 
Grass Snakes (Natrix natrix L.) in an agricultural landscape. 
Journal of Herpetology 42(2), 337–346, doi: 10.1670/07-
027.1.

84

Accepted: 18 December 2020

M. Biaggin i  & C.  Cort i



30 3187

G. Smith & J .  Rett ig

plants through most of the water column (Fig. 1). The 
artificial aquatic vegetation “species” were chosen 
because they were similar in appearance and general 
structure to natural vegetation we have observed in local 
ponds, thus attempting to make the habitat more realistic. 
We used nylon rope to provide additional structure and 
density to supplement the artificial vegetation. To ponds 
assigned to having no vegetation present, we did not add 
either rope or artificial vegetation.  We added 5 female 
G. affinis (45-55 mm total length) to each appropriate 
mesocosm on 18 July 2013 and removed the window 
screening to begin the experiment. The number of G. 
affinis added to the mesocosms is within the observed 
densities of G. affinis in local ponds (J.E. Rettig and G.R. 
Smith, unpubl. data).
 Once the experiment began, we carefully searched 
each mesocosm for egg masses every morning shortly 
after sunrise from 19 July to 28 July.  Our visual searching 
encompassed the entire surface of the water in each 
mesocosm, as well as the entire water column, the sides 
of the mesocosm, and the artificial vegetation (if present). 
We visually counted eggs using a hand-held counter. 
Female H. versicolor lay multiple clusters of eggs ranging 
in size from 30 to 40 (Cline, 2005), making counting eggs 
by eye easier than for other types of egg masses.  We 
did not remove eggs from the mesocosms after counting.  
We were able to differentiate newly laid eggs from older 
eggs based on changes in the appearance of eggs and 

their jelly coat, and only counted freshly laid eggs each 
morning.  Embryo development (i.e., elongation) typically 
became obvious within 48-72 h after oviposition. Since 
mosquitofish are visual foragers (Russo et al., 2008 and 
references therein), and show a morning peak in foraging 
(Pyke, 2005), the opportunity for them to consume 
eggs before our morning egg surveys was limited. We 
never observed the fish consuming eggs during our 
daily checks. In addition, G. affinis do not consume H. 
versicolor eggs in our study population, only hatchlings 
and tadpoles (Smith & Smith, 2015). Therefore the egg 
counts we made are unlikely to have been affected by 
consumption of eggs by the fish. Allowing the eggs to 
remain in the mesocosms after counting could have 
affected the oviposition decisions of adult H. versicolor 
if they avoid potential competitors for their offspring 
(see Rudolf & Rödel, 2005; Schulte et al., 2011; Stein 
& Blaustein, 2015; Smith & Harmon, 2019). However, 
this is unlikely to have been very influential in our short 
experiment.  In particular, the mesocosms did not appear 
to be saturated by eggs (e.g., some fishless mesocosms 
had not received eggs by the end of the experiment; see 
Results), and there were two cases when eggs were laid 
in mesocosms that already had eggs deposited earlier 
in the experiment.  For mesocosms receiving eggs, we 
calculated the mean day of the experiment when eggs 
were deposited. 
 We used a two-way ANOVA to examine the effects of 
fish and vegetation treatments on the number of eggs 
laid in a mesocosm (log[x+1] transformed to meet the 
assumptions of parametric analyses). In a preliminary 
analysis the effect of pond block was not significant and 
thus has not been presented. We used JMP Pro 14.1 for 
all data analyses. Means are given ± 1 S.E.

reSultS

We observed a total of 7,528 eggs in all mesocosms. We 
counted a total of 7,360 eggs in mesocosms with no G. 
affinis (n = 16 mesocosms) and 168 eggs in mesocosms 
with G. affinis (n = 16 mesocosms). A total of 3,850 eggs 
were deposited in mesocosm without artificial vegetation 
(n = 16 mesocosms) and 3,678 eggs were deposited in 
mesocosms with artificial vegetation (n = 16 mesocosms). 
We observed a total of 3,850 eggs in mesocosms with no 
G. affinis and no artificial vegetation (n = 8 mesocosms), 
3510 eggs in mesocosms with no G. affinis and artificial 
vegetaion (n = 8 mesocosms), zero eggs in mesocosms 
with G. affinis and no artificial vegetation (n = 8 
mesocosms), and 168 eggs in mesocosms with G. affinis 
and aquatic vegetation (n = 8 mesocosms).  We observed 
oviposition in three mesocosms with no G. affinis and no 
artificial vegetation, three mesocosms with no G. affinis 
and with artificial vegetation, no mesocosms with G. 
affinis and no artificial vegetation, and one mesocosm 
with G. affinis and with artificial vegetation.
 There were significantly fewer H. versicolor eggs 
deposited in mesocosms with mosquitofish than were 
deposited in mesocosms without mosquitofish (Fig. 
2; F1,28 = 5.74, P = 0.024).  The presence of artificial 
vegetation had no effect on the number of H. versicolor 

Figure 1. Photographs of representative mesocosms A) with 
artificial vegetation and B) without artificial vegetation.. 
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et al., 2017). However, the efficiency of some tadpole 
predators is unaffected by vegetation cover, perhaps by 
providing the predator with a means of reaching their 
prey (e.g., crayfish, Figiel & Semlitsch, 1991; Chandler et 
al., 2016).  Thus, the presence of vegetation, depending 
on how it might affect predation risk for tadpoles, may or 
may not affect oviposition site selection by adult anurans.
The western mosquitofish (Gambusia affinis) is a 
widely introduced, invasive fish that has had significant 
negative effects on amphibian populations, primarily as a 
predator on their early aquatic life stages (review in Pyke, 
2008). Hylids often avoid ovipositing in experimental 
ponds with G. affinis, presumably through detection of 
chemical or physical cues (e.g., Cope’s gray treefrog, H. 
chrysoscelis, Binckley & Resetarits, 2003; gray treefrog, 
H. versicolor, Smith & Harmon, 2019, Litoria aurea, 
Pollard et al., 2017; western chorus frog, Pseudacris 
triseriata, Buxton et al., 2017).  In addition, the presence 
of G. affinis in constructed wetlands negatively affected 
the abundance of H. versicolor (Shulse et al., 2013). 
This avoidance of ponds with G. affinis may be due to 
female frogs avoiding ovipositing in risky habitats since 
G. affinis are known to prey upon and greatly reduce the 
abundance of hylid tadpoles (Fryxell et al., 2015; Smith & 
Smith, 2015; Smith & Harmon, 2019).  However, not all 
species of frogs appear to avoid ovipositing in habitats 
with mosquitofish.  For example, Klop-Toker et al. (2018) 
found adult Litoria aurea at ponds with and without 
Gambusia holbrooki, but tadpoles were only found in 
ponds without G. holbrooki, suggesting that these adult 
frogs likely breed in both types of ponds (see also Klop-
Toker et al., 2016). 
 The potential for aquatic vegetation to mediate the 
effect of G. affinis on oviposition site selection of anurans is 
not clear. Some studies found aquatic vegetation or habitat 
complexity reduced the ability of Gambusia to prey upon 
tadpoles (Morgan & Buttemer, 1996; Baber & Babbitt, 
2004), even to the point of allowing coexistence (Preston et 
al., 2017). Thus, for adult anurans, the presence of aquatic 
vegetation might be a cue to lower predation risk for their 
offspring, and thus might affect their oviposition site 
selection. However, other studies found the presence of 
aquatic vegetation or habitat complexity had no effect on 
the injury rate (Shulse & Semlitsch, 2014) or consumption 
(Baber & Babbitt, 2004) of tadpoles by Gambusia.  Indeed, 
Gambusia can be found in open water and in areas with 
submerged vegetation (Casterlin & Reynolds, 1977; Klop-
Toker et al., 2018; review in Pyke, 2008), and G. affinis is 
found in both open water and vegetated habitats in local 
ponds (G.R. Smith & J.E. Rettig, unpubl. data), and are 
effective predators of tadpoles in both open or vegetated 
habitats, even if the vegetation does provide some 
refuge for tadpoles (Morgan & Buttermer, 1996; Baber & 
Babbitt, 2004). Thus, even though aquatic vegetation may 
provide some protection for tadpoles from predation by 
Gambusia, the effect of such predation is still potentially 
high enough to cause reduced abundances of tadpoles 
even in ponds with aquatic vegetation. Thus, it appears 
that the effects of aquatic vegetation on oviposition site 
selection by anurans may or may not be related to the 
presence of G. affinis.

 We examined the effects of the presence of G. affinis 
and artificial vegetation on the oviposition site selection 
of free-ranging H. versicolor.  Hyla versicolor is typically 
found in open marshes and in ponds with emergent 
vegetation (Collins & Wilbur, 1979). Vegetation cover 
positively affected H. versicolor tadpole abundance 
(Shulse et al., 2013), and appeared to reduce extinction 
probabilities of H. versicolor/H. chrysoscelis in wetlands, 
and may be important for egg deposition or as calling 
sites (Grant et al., 2018). However, the presence of 
aquatic vegetation in constructed wetlands had no effect 
on the abundance of H. versicolor in the presence of G. 
affinis (Shulse et al., 2013).  Hyla versicolor/H. chrysoscelis 
may also be found in a range of pond hydroperiods from 
temporary to permanent ponds (Collins & Wilbur, 1979; 
Kiesecker & Skelly, 2001; Pauley, 2011). Mosquitofish 
readily colonise a variety of ponds and wetlands, 
including temporary ponds (Alemadi & Jenkins, 2008; 
see also Pyke, 2005).  Indeed, we have observed G. affinis 
repeatedly colonise a local temporary pond after spring 
flooding, including ponds used by H. versicolor (G.R. 
Smith & J.E. Rettig, pers. observ.). Thus, G. affinis and H. 
versicolor potentially encounter each other in a variety of 
ponds where their distributions overlap.  We predicted 
H. versicolor would avoid ovipositing in mesocosms 
with G. affinis. We also predicted greater oviposition by 
H. versicolor in mesocosms with vegetation. Given the 
apparent effects of vegetation on G. affinis predation on 
tadpoles in previous studies (see above), we predicted 
that the presence of vegetation would not affect 
avoidance of mesocosms with G. affinis. 

MaterialS and MetHodS

We used 32 Rubbermaid cattletanks (1136 L capacity; 
height = 63.5 cm, width = 175 cm, length = 160 cm) as 
experimental ponds. Our experiment consisted of a 2 x 2 
factorial experiment in which the presence/absence of G. 
affinis and artificial vegetation were included as factors. 
Each treatment combination was replicated 8 times. We 
placed mesocosms in eight blocks of four mesocosms so 
that each treatment combination was present in each 
block.  All blocks were placed at least 5 m apart within the 
same fenced area on the Denison University Biological 
Reserve, Granville, Licking County, Ohio. All mesocosms 
were filled with 800 L of well water to a depth of 44 cm 
(within the depth of local ponds used by these species) 
on 6 and 7 July 2013 and covered with 1 mm window 
screening to prevent colonisation by invertebrates and 
amphibians. On 8, 12, and 15 July, we inoculated all tanks 
with water (strained through 1 mm window screening) 
from nearby, natural ponds , and on 9 July 2013 we added 
30 g of Rabbit Chow (Purina, St. Louis, MO) to introduce 
zooplankton and algae to the mesocosms and to facilitate 
algal growth. To ponds assigned to having vegetation 
present, we added submerged artificial vegetation in the 
form of lengths of nylon rope (40 cm long, 1 cm wide) 
and plastic aquarium plants (variety of “species”; Tetra, 
Blacksburg, Virginia, USA) weighed down with stainless 
steel nuts at the center of the mesocosm which provided 
a relatively dense vegetated area of rope and artificial 
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the presence of aquatic vegetation in ponds may not 
have benefits for the success of offspring. Our results 
therefore emphasise the necessity of maintaining 
wetlands, including temporary wetlands that G. affinis 
can colonise, free of non-native fish such as G. affinis to 
preserve viable populations of H. versicolor.  Our results 
also suggest that submergent vegetation may not be used 
for initial oviposition site selection by H. versicolor and 
may not help mediate the negative effects of G. affinis 
on oviposition site selection.  We recommend additional 
experiments on other species of amphibians, as well as 
experiments considering a range of fish densities and 
vegetation/habitat structure, especially experiments that 
use natural vegetation or that vary vegetation density or 
habitat complexity, to confirm or refine our results and 
conclusions. 
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eggs deposited in a mesocosm (Fig. 2; F1,28 =0.11, P = 
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mosquitofish and vegetation treatments (Fig. 2; F1,28 = 
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5.0 ± 1.1 in mesocosms with artificial vegetation (N = 4).
 

diSCuSSion

Our experiment demonstrates that H. versicolor avoid 
ovipositing in mesocosms with free-ranging G. affinis. The 
reduction in oviposition by H. versicolor in mesocosms 
with free-ranging G. affinis is consistent with other 
studies on anurans. Hyla versicolor and H. chrysoscelis 
avoid ovipositing in ponds with fish in general (Vonesh 
et al., 2009; Kraus & Vonesh, 2010; Kraus et al., 2011), 
and G. affinis and G. holbrookii specifically (Binckley & 
Resetarits, 2003; Smith & Harmon, 2019).  The mechanism 
by which H. versicolor avoid G. affinis is unknown (i.e., 
is it due to detection of chemical or physical cues?). 
However, in another experiment, H. versicolor laid fewer 
eggs in the mesocosms with free-ranging G. affinis 
compared to mesocosms with caged G. affinis and laid 
eggs in mesocosms with caged G. affinis later than in 
mesocosms with no G. affinis (Smith & Harmon, 2019), 
suggesting both chemical and physical cues and likely 
resulted in the avoidance of G. affinis by ovipositing 
adults. The avoidance of G. affinis is likely adaptive 
since tadpoles of H. versicolor are readily consumed by 
G. affinis (Grubb, 1972; Smith & Smith, 2015) and few 
tadpoles persist in the presence of G. affinis (Shulse et 
al., 2013; Smith & Harmon, 2019). Thus, avoidance of 
ponds with free-ranging G. affinis is an example of risk-
sensitive oviposition (Buxton & Sperry, 2017). 
 As far as we know, our study is the first to 
experimentally examine the effect of vegetation or 
habitat structure on oviposition site selection in H. 
versicolor.  We found no evidence for its role in oviposition 
site selection, nor for a role for the interaction of 

vegetation and predator presence. The lack of any effect 
of artificial vegetation/habitat structure on oviposition by 
H. versicolor in our experiment may arise because either 
the H. versicolor did not perceive the presence of the 
vegetation/habitat structure (i.e., not sufficiently realistic 
or not sufficiently abundant) or they did not perceive a 
benefit (or cost) from the vegetation/habitat structure, 
even though they are often found in ponds with aquatic 
vegetation in nature (e.g., Shulse et al., 2013; Grant et 
al., 2018). For example, vegetation structure had no 
effect on survival of larval H. versicolor in a mesocosm 
experiment in the absence of predators (Purrenhage & 
Boone, 2009), suggesting that aquatic vegetation on its 
own does not provide a benefit for tadpole survivorship 
in H. versicolor. In addition, the presence of aquatic 
vegetation in constructed wetlands does not appear to 
influence the abundance or presence of H. versicolor/
chrysoscelis complex (Shulse et al., 2010). Thus, the 
presence of vegetation may not actually be a cue for a 
beneficial environment, at least relative to other cues. 
 We found no significant interaction between the 
presence of G. affinis and artificial vegetation on the 
number of eggs laid in mesocosms by H. versicolor, 
suggesting that the presence of the artificial vegetation 
did not mediate the effect of G. affinis on oviposition site 
selection by H. versicolor. However, H. versicolor did lay 
some eggs (total = 168 eggs) in mesocosms with both G. 
affinis and artificial vegetation, and none in mesocosms 
with G. affinis and no artificial vegetation. Thus, there 
may be a slight effect on oviposition site selection by H. 
versicolor but this is very minor relative to the contrast 
between the presence and absence of G. affinis. In 
addition, G. affinis tends to use submerged vegetation 
(Casterlin & Reynolds, 1977), and thus vegetation may 
also not provide any protection from G. affinis. For 
example, structural complexity did not affect or had 
minimal effects on predation rates on tadpoles (e.g., 
Litorea aurea, bleating tree frog, Litoria dentata, Morgan 
& Buttemer, 1996; squirrel treefrog, Hyla squirrella, Baber 
& Babbitt, 2004) or lower the injury rate of tadpoles 
(Rana spp., Shulse & Semlitsch, 2014) in the presence of 
G. affinis.  In addition, the presence of aquatic vegetation 
in constructed wetlands had no effect on the abundance 
of H. versicolor in the presence of G. affinis (Shulse et al., 
2013).  However, the presence of aquatic macrophytes 
reduced predation of G. affinis on larval northern Pacific 
treefrog (Pseudacris regilla) in mesocosms which might 
explain how P. regilla coexisted with G. affinis in a lake 
experiment (Preston et al., 2017).  Thus, 1) the presence 
of vegetation may not change the perception of predation 
risk due to G. affinis in a habitat or 2) the effects of the 
presence of vegetation on perceived predation risk by 
G. affinis may be variable and unpredictable, and thus 
may not be a useful cue for oviposition site choice in H. 
versicolor. 
 In conclusion, our experiment confirms the avoidance 
of fish, and more specifically G. affinis, by ovipositing H. 
versicolor. However, our experiment found no evidence 
for a role of vegetation/habitat structure in oviposition 
site selection in H. versicolor, whether on its own or 
mediating the effect of G. affinis, which suggests that 
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Figure 2. The effect of the interaction of the western 
mosquitofish (Gambusia affinis) and artificial vegetation 
treatments on mean (± 1 S.E.) number of gray treefrog (Hyla 
versicolor) eggs laid in mesocosms. 
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Human activities have caused several changes in biotic communities all over the world. Some species maintain viable 
populations in altered environments through different adaptations, however, knowledge in this regard is scarce for certain 
taxa, including reptiles.  We analysed the detectability and habitat selection of the rattlesnake Crotalus triseriatus to contribute 
to our knowledge about how this species responds to anthropogenic landscape change.  Rattlesnakes were monitored for 
two years in two anthropized landscapes using visual encounter surveys. We analysed detectability in relation to climatic 
factors and human activity, and habitat selection was analysed in native and non-native vegetation. Our study shows that 
detectability of C. triseriatus is differentially affected in anthropized landscapes; human activity may be determinant in 
landscapes such as agricultural fields, whilst climatic factors may be determinant in landscapes where people are less active 
such as the protected areas within urban parks. The analyses of habitat selection shows that native vegetation is crucial for 
the persistence of C. triseriatus in the studied landscapes.  Several strategies may allow rattlesnakes to persist in different 
anthropized landscapes; nonetheless, native habitat remnants should be protected in anthropized areas to conserve wildlife.

Keywords:  Anthropized landscapes, behavioural adaptations, Mexico, native habitat remnants, urban herpetology 

IntroductIon

In urban areas, human activities have changed the 
structure and composition of biotic communities and 

natural ecosystem processes (McDonnell & Hahs, 2015). 
Some species maintain viable populations in these areas 
due to their adaptive capacity (McDonnell & Hahs, 2015; 
Pattishall & Cundall, 2009; Wong & Candolin, 2015).  The 
effect of anthropization on wildlife behaviour has been 
documented mainly in mammals and birds (Gloor et 
al., 2001; Marzluff & Ewing, 2001; Prange et al., 2003), 
whilst relatively few studies have focused on reptiles 
(Mitchell et al., 2008).  Knowledge is particularly scarce 
in snakes due to their relatively low density and secretive 
behaviour (Sullivan et al., 2017).
 Behavioural adaptations stand out among the 
different strategies (i.e. evolved responses and proximate 
responses) that favour the persistence of reptiles in 
modified environments (e.g. activity pattern, habitat 
selection, and diet; López-Alcaide & Macip-Ríos, 2011). 
Such strategies have been directly related to survival and 
reproduction (Beaupre, 1995; Manjarrez, 2017; Torello-
Viera et al., 2012). Otherwise, some abiotic factors such 
as temperatures and rainfall play a key role in snake 

detectability, activity patterns and habitat selection 
(Lillywhite, 1987; Moreno-Rueda & Pleguezuelos, 2007). 
For example, in temperate zones, snakes overwinter 
when temperature decrease (Gregory, 1982), and in 
many ecosystems, an increase in rainfall is related to 
higher seasonal detectability due to the increased 
availability of prey (Torello-Viera et al., 2012). Moreover, 
some snakes show high plasticity in the habitat use that 
could be determined by factors such as the intensity 
of human activities, the availability of prey, presence 
of optimal thermoregulation sites (Huey et al., 1989; 
Madsen & Shine, 1996), and/or adequate shelter (Brown 
et al., 1982).
 The western dusky rattlesnake, Crotalus triseriatus, 
is endemic to Central Mexico along the Volcanic Belt 
(Bryson et al., 2014; Flores-Villela & Hernández-García, 
1989). Its elevational distribution is from 2,500 to 4,572 
m above mean sea level (m/a.s.l.) (Campbell & Lamar, 
2004; Fernández-Badillo et al., 2011; Heimes, 2016).  This 
species has a daytime activity pattern and is mainly found 
in pine-oak forests, grasslands, and agricultural areas 
such as cattle pasture (Canseco-Márquez & Mendoza-
Quijano, 2007; Fernández-Badillo et al., 2011). It is a 
common predator of temperate environments in central 
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through the year using direct observations at both sites. 
We codified human activity as absent (0), low human 
activity (1), and high human activity (2). 
 Detectability of C. triseriatus (number of snakes 
captured) was assumed to have a Poisson probability 
distribution and given that our data presented zero 
values, we used Zero-Inflated Poisson model as a solution 
for possible bias in the estimated parameters (Zuur et al., 
2009), using the “pscl” package (Jackman, 2020).  Multiple 
models were developed using plausible combinations of 
explanatory variables; small sample Akaike´s information 
criterion (AICc) was used to select the “best” models of 
detectability of C. triseriatus in relation to explanatory 
variables, using the ´AICcmodavg´ package (Burnham 
& Anderson, 2002; Mazerolle, 2019). Finally, Chi-
square tests were conducted to evaluate whether GLM 
explanatory variables explained a significant component 
of the total deviance (Guisan et al., 2002).

Habitat selection
We used satellite imagery (Google Earth) and ArcGIS 10.2 
to digitise land cover in both study sites (approximately 
20 hectares at each site), and calculated the area 
represented by native habitat and non-native habitat 
for each site. Native and non-native habitat cover is 
noticeably different between our study sites. At CE 
non-native vegetation represents 87.3 % of the area 
including crops and exotic trees (S. babilonica). Crops 
are concentrated in four big patches separated by a 
road bordered with introduced trees. Native vegetation 
covers 12.7 % of the area and is restricted in two small 
patches separated by the crops.  At SMP native vegetation 

represents 58.4 % of the area and is concentrated in a big 
patch of grassland and another one of forest, both are 
separated by a road. Non-native vegetation is dispersed 
in several small patches of exotic trees mostly next to the 
road.
 We used the index of selectivity (Ei) according to Krebs 
(1999): Ei = (ri ‒ ni) / (ri + ni), where ri  is the percentage 
of snakes in habitat i; ni is the percentage of habitat i 
available at a study site. This index produces values from 
‒ 1 (habitat avoidance) to + 1 (habitat preference); values 
close to zero indicate habitat is being used according to 
its availability in the environment. The index data were 
resampled using bootstrap (10,000 replicates with 
replacement) and 95 % confidence intervals (CI) were 
estimated with R (v. 3.1.3; Glen et al., 2012). 

reSultS

During the monthly visits at each study site (CE and 
SMP), we sampled 192 km of transects and captured 61 
different adult C. triseriatus; 23 (37.7 %) were from CE, 
and 38 (62.3 %) from SMP.  Snakes from CE were slightly 
larger (605.6 ± 75.5 mm, SVL) than SMP (589.7 ± 80.4 
mm).  Considering that measurements of the snakes from 
CE did not show a normal distribution (Shapiro-Wilk test; 
W=0.98 P=0.95) and that those from SMP were normally 
distributed (W=0.91, P=0.007), we use a non-parametric 
Mann-Whitney U test (Zar, 1999) and we detected no 
significant difference in body size between the two sites 
(U=542.5, P=0.11). 
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Figure 1.  Distribution of the study sites in the urban area of Toluca City, Mexico.

area of flora and fauna. The native vegetation consists 
of grassland (Muhlenbergia sp. and Festuca sp.) and 
aquatic vegetation (Scirpus sp. and Typha latifolia). The 
non-native vegetation consists of crop fields and some 
trees (Salix babylonica). Site two, “Sierra Morelos Park” 
(SMP), is an urban state park of 1,255 hectares managed 
by the state commission of natural parks and fauna 
(CEPANAF) since 1976 (44 years); it is immersed in the 
urban area of Toluca City (19˚18'39'' N 99˚41'33'' W; 2,630 
m). SMP vegetation is mainly represented by grasslands 
(Muhlenbergia sp. and Festuca sp.), and temperate forest 
vegetation (Pinus spp.); it also includes a substantial cover 
of non-native vegetation, mainly exotic species (buds, 
Buddleja cordata; cedar, Cupresus lindleyi; eucalyptus, 
Eucalyptus camaldulensis and E. globulus).  To eliminate 
the effect of the size differences between CE and SMP, 
the sampling area was approximately 20 hectares in both 
places (Fig. 1).
 
detectability
To determine the detectability of C. triseriatus, we 
performed monthly visits to each study site during 2012 
and 2013 (24 visits to each one) and captured individuals of 
C. triseriatus.  At each visit, five observers simultaneously 
walked five linear transects from 0900 to 1300 hours 
using the visual encounter survey (VES) technique 
(Foster, 2012). Each transect was approximately 800 
m long and separated by 200 to 300 m. Transects may 
change between visits, but they were always restricted to 
the 20 hectare area defined for each site, our aim in this 
regard was to cover all types of vegetation in a similar 
proportion to their presence. The snakes were manually 
captured, their snout-to-vent length (SVL) measured, 
and a ventral scale was cut to identify individuals (Brown 
& Parker, 1976). Snakes were released in the same 
place from where they were captured. Additionally, we 
compared SVL between CE and SMP to test if body size 
varied between the two sites.
 Detectability was determined by counting the 
number of adult C. triseriatus captured during each 
visit per study site. We recorded data only for adult 
individuals (SVL ≥ 500 mm) as immature snakes may have 
led to bias due to the recruitment process (Parpinelli & 
Marques, 2008; Torello-Viera et al., 2012); as we aim 
to analyse detectability, we also considered recaptured 
individuals in this analysis (one individual).  We analysed 
detectability of C. triseriatus (response variable) in 
relation to abiotic (total precipitation, maximum and 
minimum temperature), and biotic factors (human 
activity) using general linear models (GLMs) in R version 
3.6.3 (R Core Team 2020).  For the abiotic factors, we 
obtained monthly climate data of the climatic variables 
from the National Meteorological Service database 
(CLICOM, 2015) for the nearest weather station to CE (< 
20 km; weather station “Toluca-Ixtlahuaca”, 19°33'58'' 
N, 99°46´48'' W, 2,540 m), and SMP (< 3 km “Toluca-
Zinacantepec”, 19°17'29'' N, 99°42'52'' W; 2,726 m). 
We also considered the human activity as an important 
factor to explain snake detectability; for this variable, 
we characterised both sites based on human presence 
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Mexico where it may be considered a top predator in 
anthropogenic areas. Like other snakes, it is affected 
by aversive hunting, native habitat loss, fragmentation, 
and climate change (Campbell & Lamar, 2004; Filippi & 
Luiselli, 2000; Gentilli, 2004; Plummer, 2002).
 Ecological studies of C. triseriatus are scarce 
(Domínguez-Guerrero et al., 2016; Güizado-Rodríguez 
et al., 2016; Mociño-Deloya et al., 2014), but it has 
been suggested that the vulnerability of C. triseriatus 
populations when faced with fragmentation and 
habitat urbanisation may result in a decrease of gene 
flow and increased extinction risk (Sunny et al., 2015). 
It is, therefore, necessary to collect information on the 
behaviour and habitat preference of C. triseriatus to 
inform conservation efforts. The objective of this study 
was to analyse the detectability and habitat selection 
of C. triseriatus to identify the factors that allow its 
occurrence in anthropized areas of central Mexico.

MetHodS 

Study area
This study was conducted in the Toluca Valley, a highly 
anthropized area considered the fifth largest metropolis 
in Mexico, with 2.3 million inhabitants (COESPO, 2020). 
The region has a humid temperate climate with an annual 
rainfall of 500 – 600 mm, 85 % is concentrated in the 
summer months (June to September). Average annual 
temperature ranges between 12 and 15 ˚C (García, 2004; 
INEGI, 2011). Toluca has experienced rapid population 
growth with the consequent settlement of unplanned 
housing and increased demand for agricultural areas. 
Human activities have drastically changed the distribution 
of native vegetation cover, generating several landscapes 
around the urban core. As in many cities, the most 
common anthropized landscapes in the urban area of 
Toluca include relicts of native vegetation, agricultural 
areas, reforested areas with exotic vegetation, and urban 
infrastructure. 
 Our study was conducted at two different landscapes 
in the urban area of Toluca separated by a straight-
line distance of 10.5 km. We selected the study sites 
considering that both sites presented previous records 
of the rattlesnake, both include elements of the native 
habitat of Crotalus triseriatus and the non-native 
elements of the most common landscapes around the 
Urban area of Toluca (i.e. agricultural areas, reforested 
areas with exotic vegetation). Anthropization at these 
sites has been determined by different activities, thus 
leading to landscapes with noticeable differences in 
structure, composition, and management. 
 Site one, “El Cerrillo” (CE), is an academic area 
managed by the Autonomous University of the State of 
Mexico. This area covers approximately 123 hectares 
and is located 5.1 km north of the urban area of Toluca 
City (19°24'27'' N, 99°41'40'' W).  This site may be 
considered a typical agricultural landscape (i.e. most 
of the area is covered by crops) and has been under 
this use since 1975 (45 years).  CE also includes two 
artificial water bodies, one of them is a small protected 
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significantly related with C. triseriatus detectability (Table 
1; AICc= 58.35) whilst at SMP minimum temperature 
explained the C. triseriatus detectability (Table 1; 
AICc=58.35). Also, at CE, the detectability of rattlesnakes 
showed two peaks, one on August and another in 
November, whilst at SMP, rattlesnakes presented only 
one peak in September (Fig. 2). Previous studies show 
that factors derived from anthropization in conjunction 
with biotic and abiotic factors, influence the activity 
and hence, detectability of snakes (Moore, 1978; 
Moreno-Rueda & Pleguezuelos, 2007; BlouinDemers & 
Weatherhead, 2002; Rocha et al., 2014; Torello-Viera 
et al., 2012; Weaver, 2008; Wong & Candolin, 2015). 
According to our results, these factors may be interacting 
in different ways in the landscapes resulting from 
anthropic activities and affecting differently the snake 
populations and maybe other species populations.
 Our results indicate that at CE, dynamics of 
agricultural activities affect the detectability of C. 
triseriatus, producing two monthly peaks. In agricultural 
areas, the preparation of the soil before sowing starts in 
February and runs through May, a period that coincided 
with zero captures of snakes. Later, the presence of snakes 
increased, coinciding with low agricultural activity during 
the growth of the crop plants (June – August). Snake 
captures declined again in September, this coincides 
with the harvest period. Detectability of C. triseriatus 
increased again with the decline in agricultural activity 
after maize harvest from October through January (slope 
estimate = -2.75+1.03; Table 2; Fig. 2). 
 At SMP we found that minimum temperature is 
related with the monthly detectability pattern of C. 
triseriatus (slope estimate = 0.30+0.07; Table 2). At SMP, 
detectability of snakes began to increase in the months of 
high temperature (April – June).  On the other hand in the 
colder months (December – March), there was a drastic 
decline in snake detectability, and thus no specimens of 
C. triseriatus were captured at SMP (Fig. 2B), suggesting 
an inactive period or possible overwinter season at 
this site, as it has been documented for Thamnophis 
scalaris (Mundo-Hernández et al., 2017).  At CE, snakes’ 
detectability also declined in the colder months; 
nonetheless, we detected some individuals. The effect 
of temperature is congruent with previous reports for 
the species and other rattlesnakes in temperate forests 
(Heimes, 2016),  and is considered a central limiting factor 
in squamate reptiles in general, as it has been shown that 
they are particularly dependent on the thermal quality 
of the environment for thermoregulation (Gibbons 
& Semlitsch, 1987; Lillywhite, 1987; BlouinDemers & 
Weatherhead, 2002; Moreno-Rueda & Pleguezuelos, 
2007). These results indicate that the snakes at SMP 
present the same pattern of activity than other wild 
populations in temperate forests.  Otherwise, at CE, the 
detectability suggests that snakes may be changing its 
behaviour in response to human activity intensity; Zero-
Inflated Poisson GLMs confirm the above (Table 1; AICc= 
58.35).
  Concerning habitat selection, C. triseriatus also 
showed differences between sites. At CE, the habitat 
use index shows a strong preference for native habitat 

diSCuSSion

This study shows that detectability of rattlesnakes in 
differently anthropized landscapes is associated with 
different factors. For instance, at CE, human activity was 

table 2. Parameter estimates from the zero-inflated Poisson 
general linear models (GLM) of effect of human activity 
(CE) and minimum temperature (SMP) on C. triseriatus 
detectability.

Parameter types/names estimate Se z value P value
El Cerrillo (CE)
Intercept 0.61 0.26 2.34 0.019

H_ activ2 -2.75 1.03 -2.6 0.007

Sierra Morelos Park (SMP)

Intercept

TMin 0.30 0.07 -0.09 <0.001

H_ activ2, high human activity; TMin, minimum temperature; 
SE, Standard error. 

Figure 3.  Index of selectivity and confidence intervals 
(C. I.), of C. triseriatus, in native and anthropized habitats 
at: (a) El Cerrillo (CE; high anthropization); native habitat 
Ei = 0.79 (C. I. 0.72 – 0.85), non-native habitat Ei = -0.70 
(C. I -0.78, -0.62), and (B) Sierra Morelos Park (SMP; low 
anthropization); native habitat Ei = 0.1 (C. I. 0.01, 0.20), 
non-native habitat Ei = -0.11 (C. I. -0.26, 0.02). Values close 
to 1.0 indicate habitat preference, and values close to  -1.0 
indicate habitat avoidance.
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detectability 
We captured rattlesnakes in all months except February 
and March at the Toluca valley. Most of the records 
(61 %), were gathered during the rainy season (June to 
September). At SMP, 68 % of the snakes were recorded 
during the rainy season, whilst 48 % were recorded in the 
same season at CE.  Concerning detectability, at CE, we 
observed two peaks; August (summer) and November 
(autumn), both months with six snakes captured (Fig. 
2A). In contrast, at SMP, snakes presented only one 
detectability peak in September (11 snakes captured, Fig. 
2B). Most snakes were captured from 1000-1100 hours 
in both sites (CE, 56.5 %; SMP, 52.6 %) regardless of the 
month.

 At CE, we observed two peaks of human activity, the 
first one from February to May, is related to soil preparing 
before sowing; the second one in September coincides 
with the harvest period.  The rest of the year, the human 
presence was considered absent.  Human activity at SMP 
is heterogeneous; there is an area where people use to 
practice sports and recreational activities through the 
year; at the other portion of the park, human activity 
is non-allowed because it is considered a conservation 
reserve for native fauna. Thus, activity was considered 
very low and homogeneous through the year in the area 
where we sampled, and we assumed that this factor does 
not affect (or is too low), the detectability of rattlesnakes. 
According to the evaluation of GLMs, and based on AICc 
values, we found that simple single variable models 

better explain the detectability of snakes at both sites. 
At CE human activity explained better the detectability 
of rattlesnakes (Table 1; AICc = 58.35), in this case, the 
detectability of C. triseriatus decreases when human 
activity increased (slope estimate=-2.75+1.03; Table 2). 
This model was significant according to the Chi-square 
test (sum-of-squares method, type II; X2=7.06, df=1, 
P=0.007). At SMP, based on AICc  values, minimum 
temperature variable explained better the C. triseriatus 
detectability (Table 1; AICc =58.35), this simple GLM 
model indicates that as the minimum temperature 
increased, the detectability of the snake also increases 
(slope estimate=0.30+0.07; Table 2) and this model 
was also significant (sum-of-squares method, type II; 
X2=17.40, df=1, P=<0.001). 

Habitat selection
In both sites, C. triseriatus were observed more frequently 
within the native vegetation compared to the non-native 
vegetation.  For example, at CE, 90 % of snakes were 
found in the grassland (index of selectivity Ei = 0.79) and 
the remaining 10 % in the crop fields (Ei  = -0.70, Fig. 
3A). Similarly, at SMP, 82.7 % of snakes were found in 
native (grassland) habitat (Ei  = 0.10) and 17.3 % in the 
mixed forest (Ei  = -0.11, Fig. 3B). The index of selectivity 
indicated that snakes selected native habitat and avoided 
anthropized habitat at the CE; at SMP snakes showed a 
qualitatively similar pattern, selecting native habitat and 
avoiding anthropized habitat (Fig. 3).

Figure 2.  Monthly number of captured rattlesnakes, C. 
triseriatus (bars), monthly precipitation average and tem-
perature (maximum and minimum) at: (a) El Cerrillo (CE; 
high anthropization; n = 23 snakes), and (B) Sierra More-
los Park (SMP; low anthropization; n = 38 snakes).

table 1. AICc selection of different zero-inflated Poisson 
general linear models (GLMs) of C. triseriatus detectability 
in two sites with different levels of anthropization in 
Mexico; “El Cerrillo” (CE) considered as highly anthropized 
and the Sierra Morelos Park (SMP) minimally anthropized.

Models of C. triseriatus 
detectability K AIcc ∆aiCc

El Cerrillo (CE)

H_Activ 3 58.35 0.00

H_Activ+TMin 4 60.74 2.38

H_Activ+Prec 4 60.91 2.56

H_ActivXTMax 5 60.99 2.64

H_Activ+TMax 4 61.08 2.73

Sierra Morelos Park (SMP)

TMin 3 70.11 0.00

TMax+TMin+Prec 5 71.73 1.62

TMax+TMin 4 71.90 1.80

TMin+Year 4 72.06 1.95

TMin+Prec 4 72.81 2.71

Explanatory variable codes: H_ activ, human activity; TMin, 
minimum temperature; TMax, maximum temperature; Prec, 
precipitation; Year, year; K, number of model parameters. The 
best empirically supported model (∆AICc=0) in bold.
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(grassland) and a strong avoidance for anthropized 
habitats. At SMP native and non-native habitats are 
used almost according to their availability, we detected a 
slight avoidance of non-native habitat.  Grassland areas 
are considered an important habitat for this species; 
the intricate features of the grassland offer foraging 
opportunities (Matamoros-Trejo & Cervantes, 1992; 
Mociño-Deloya et al., 2014; Rojas-Martínez et al., 2012) 
and thermal protection against low temperatures, access 
to solar energy for thermoregulation, and shelter from 
predators or humans (Campbell & Lamar, 2004; Cortes-
Ávila & Toledo, 2013; Fernández-Badillo et al., 2011).  The 
strong avoidance of anthropized habitat at CE, indicates 
that agricultural activities may represent a significant 
negative effect on this species, this is evidenced by the 
low number of presence records in this habitat even 
when it represents most of the area (87.3 %).  The low 
availability of native habitat may inhibit movement of 
snakes in the landscape (Parent & Weatherhead, 2000), 
leading to a reduction in movement of individuals 
between populations, and potentially promoting 
inbreeding. In a genetic study carried out with C. 
triseriatus at Toluca Valley, the gene flow was estimated 
as moderate but with the possibility of decreasing if the 
anthropization effects continues to increase (Sunny et al., 
2015).  Our results also indicate that native vegetation 
availability is crucial for these snake’s persistence as it 
seems that this habitat may be acting as refugees in the 
agricultural landscapes. This is evidenced by the great 
number of presence records on this habitat even when 
it represents a small portion of the area (12.7 %). Based 
on this information it seems that conservation studies 
and future efforts to protect rattlesnakes in anthropized 
landscapes should consider native habitat management 
and preservation.  
 At SMP, C. triseriatus used the anthropized and native 
habitats according to their availability (Fig. 3). However, 
snakes slightly avoided the use of anthropized habitat.  
The non-native vegetation presents a high tree cover (>75 
%), and the temperature under the canopy of trees may 
be inadequate for thermoregulation (Lillywhite, 1987). It 
has been shown that the substrate temperature, more 
than air temperature, is a determining factor in habitat 
selection by other species of viperids as Crotalus viridis, 
C. durissus, and Bothrops jararaca (Gannon & Secoy, 
1985; Gomes & Almeida-Santos, 2012).  Otherwise, the 
population at SMP is increasingly confined because there 
are urban settlements at the periphery of the park.  If the 
park is not properly managed, or if the habitat is altered 
such that it restricts movement of snakes into and out of 
the site, problems of inbreeding could potentially occur.
Given the limited information about C. triseriatus 
ecology in anthropized sites, the characterisation of 
its detectability and habitat selection may be crucial 
for developing effective strategies for control and 
management of this species.  In this study, it is shown that 
areas with high levels of anthropization (CE) influenced 
the detectability and habitat selection of C. triseriatus.  
Also, in sites with lower anthropization (SMP), the 
climatic variables had effects on the detectability of C. 
triseriatus with a slight selection for the native habitat.

 Our study shows that C. triseriatus presents 
differences in detectability and habitat selection in 
anthropized landscapes. Climatic conditions and human 
activity may be amongst the determinant factors 
affecting these snakes, and may be other animals, that 
persist around highly anthropized environments as the 
urban areas. Nonetheless it is necessary to identify how 
local differences in the anthropization process (e. g. crop 
management, landscape structure and composition, 
human density, and activity intensity) may impact in 
the response of species. Another important factor to 
consider is local climate, in this study we used data 
from the nearest climatic stations to the study locations; 
nonetheless temperature and humidity may vary at the 
specific location.  Such information may allow for a more 
precise interpretation of the role of climatic conditions 
on snake detectability. Also, the influence of intrinsic 
characteristics of the individuals (e. g. sex and age), 
must be considered to understand possible variations in 
the effect of athropization in C. triseriatus.  Finally, the 
aversive hunting at both places may affect population size 
and hence, detectability.  We did not recorded any dead 
snake at our study sites, may be due to access restriction 
at CE and the conservation status of SMP; nonetheless, 
we are aware that this is a common practice in the area 
that need to be studied.
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Individual recognition of animal species is a prerequisite for capture-mark-recapture (CMR) studies. For amphibians, photo-
identification of body pattern is a non-invasive and less expensive alternative than classical marking methods (e.g. passive 
integrated transponder). However, photo-identification is effective only if the patterns are (i) sufficiently variable between 
individuals, and (ii) stable over time.  This method also depends on the observer’s judgment. In the present study, we 
assessed the effectiveness of an automatic algorithm (AmphIdent) to recognise ventral colour patterns of the Pyrenean brook 
newt (Calotrion asper), endemic to the Pyrenees Mountains of France.  To assess the performance of the tested method, 
113 individuals from two different streams were marked with passive integrated transponders (PIT-tags). We used false 
rejection rate (FRR), false acceptance rate (FAR) and true acceptance rate (TAR) as metrics to evaluate performances of photo-
identification.  Mean FRR was 7.3 %, FAR was 5.2 %, and TAR was 92 % across both streams, both sexes and all the observers. 
FAR was significantly different between sexes, while FRR and TAR were significantly influenced by the interaction between 
the sex and the stream.  Despite these differences, our error rates are among the lowest values found in the literature for 
both amphibian and non-amphibian computer-assisted photo-identification. We found that poor-quality reference pictures 
could lead to an increasing difficulty to achieve a correct match when time since first capture rose.  Consequently, individual 
photo-identification using AmphIdent software is a reliable tool to aid in the monitoring the Pyrenean brook newts, provided 
that pictures are taken with care, reference images are regularly updated and observers are properly trained to use the 
software and interpret images.

Keywords:  AmphIdent, natural marking, computer recognition, amphibian monitoring, pattern changes

IntroductIon

Capture-mark-recapture (CMR) studies provide 
important knowledge about demography, life cycles, 

movements and ecological characteristics of species 
(Nichols, 1992; Wilson et al., 1999; Honeycutt et al., 
2019). Such information is crucial to implement the 
most appropriate and effective conservation strategies 
for species or populations (Govindarajulu et al., 2005; 
Lyet et al., 2008).  Capture-mark-recapture studies with 
amphibians often use invasive techniques to individually 
mark animals, such as passive integrated transponder 
(PIT) tagging (Zydlewski et al., 2006; Cucherousset et 
al., 2008), coloured elastomer subcutaneous marking 
(Simon, 2007; Josephson et al., 2008) or the archaic 
method of toe-clipping (Phillott et al., 2007). However, 
these methods may be of concern due to potential welfare 
and ethical issues (Narayan et al., 2011).  Furthermore, 
some tags may be lost from animals if the operational 
mode is not optimal (e.g. anaesthesia and post-operating 
surveillance) and can affect survival (Reeves & Buckmeier, 
2009), growth (Davis & Ovsaka, 2001; Mazel et al., 2013), 

and movements (Schmidt & Schwarzkopf, 2010).
 A non-invasive alternative to traditional marking 
techniques is photo-identification. This method relies 
on natural marking (e.g. spots, stripes, scales or scars) 
present on animal’s body which are compared to an 
image databank of known individuals. This method is 
increasingly used in CMR studies to provide reliable 
demographic data on wildlife populations (Mizroch et 
al., 2004; Cheney et al., 2014).  Identification “by eye” 
is feasible with a small set of pictures (Silver et al., 2004; 
Langtimm, 2004).  For larger datasets, recent technical 
advances have enabled the development of photo-
matching algorithms of two types: (i) feature-based 
(detection of distinctive features within the pattern), and 
(ii) pixel-based (comparison of pixel values between two 
images) photo-matching algorithms. Photo-matching 
identification has been used for several taxonomic 
groups such as mammals (Bolger et al., 2012), reptiles 
(Sacchi et al., 2010; ), chondrichthyans (Dureuil et al., 
2015), osteichthyans (Chaves et al., 2016), insects (Caci 
et al., 2013; Romiti et al., 2017; Díaz-Calafat et al., 2018) 
and amphibians (Šukalo et al., 2013; Drechsler et al., 
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were separated).  To reflect wild conditions and minimise 
stress, we kept aquariums at 15 °C and added artificial 
shelters.  After this acclimation period, each animal was 
placed ventral surface down in a 20 x 10 x 5 cm glass 
box (with a thin layer of water) to be photographed 
(Fig. 2).  In addition to reduce animal stress, the layer 
of water minimises water droplets under the animal, 
which could distort the pattern via a magnifying glass 
effect. A polystyrene barrier was placed inside the glass 
box to keep the animal straight. Once the animal was still 
and straight (from a few seconds to 1-2 min depending 
on the animal), four pictures of the ventral pattern 
were taken from below at a standardised distance of 30 
cm. Pictures were taken with a camera Nikon Coolpix 
AW110 © stabilised on a tripod. The camera’s flash was 
always used. Each animal was then anesthetised by 
placing a spot of EMLA ointment (5 % Lidocaine 2.5 % 
and Prilocaine 2.5 %; Astra-Zeneca GmbH Laboratories, 
Germany, EMLA) in a cutaneous squared surface of 1 x 
1 cm, on the left side. Once the animal was considered 
surgically anesthetised (i.e. loss of ‘withdrawal reflex’ 
and ‘righting reflex’, Mitchell, 2009), an electronic PIT-
tag (Biolog Tiny 10268 – R02-0717 –, tag size: 1.4 x 8 mm, 
needle size: 1.75 mm; from BIOLOG-ID, FR) was inserted 
subcutaneously on its left side, between the front and 
hind legs. Anesthesia and recovery duration were 
noted for each animal. Permission for animal marking 
was issued by DREAL Occitanie (Prefectoral decree 
n°2017-s-02 from 30 March 2017 to 30 October 2020). 
Both anaesthesia and PIT-tag marking were conducted 
during 2 days by a qualified person (user establishment 

agreement n° B09583; nominative authorisation n° 
A09-1) in compliance with ethical standards. Once the 
animal was awake, it was kept in captivity for 3 or 4 days, 
depending on the day of marking, to ensure the PIT-tag 
was not lost and that no post-operatory complications 
occurred.  Newts were fed with Tubifex worms ad libitum 
before and after the anaesthesia and marking. Finally, 
all captured and marked Pyrenean brook newts were 
released 7 days after being captured, on 11 June 2018 
for Fougax and on 2 July 2018 for Salau, in the 200 m 
transect where they were captured.

recapture of Pit-tagged Pyrenean brook newts 
The next step was to sample the same two 200 meter-
long transects throughout the summers of 2018 and 
2019 in order to recapture PIT-tag marked individuals. 
Between June and September 2018, we searched for 
individuals on seven occasions in Fougax (on 21 June, 6 
July, 19 July, 2 August, 22 August, 4 September and 28 
September) and five occasions in Salau (on 11 July, 26 
July, 8 August, 28 August and 11 September), between 
0930 and 1400 with a consistent sampling effort (i.e. 
two samplers for two hours surveying the 200 meter-
long transect). Between June and September 2019, we 
searched for individuals on four occasions in Fougax (on 
4 June, 4 July, 2 August and 13 September) and three 
occasions in Salau (22 July, 8 August and 12 September). 
Fewer sampling occasions were carried out in Salau than 
in Fougax, as Salau is inaccessible before July due to a 
risk of late snowfall episodes. Two samplings of two 
hours were conducted per occasion, distant in time of at 

Polystyrene barrier

White background
Glass box with water

Camera

Tripod

Standardized distance
(30 cm)

Drilled support 
for the glass box

(a) (b)

(c)(d)

Polystyrene shelter

Figure 2. Photography set up for ventral pattern recognition of the Pyrenean brook newt, located close to the river bank (a 
and b). Individuals are placed in the glass box placed on a drilled support, between the barrier and the side of the glass box, 
and covered by a white background (c and d). They are photographed from below with a tripod-mounted camera placed at a 
standardize distance of 30 cm below the glass box.
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computer-aided photo-identification for two populations 
of the Pyrenean brook newt. Specifically, our objectives 
were: (i) to implement the AmphIdent software for the 
individual identification of adults of the Pyrenean brook 
newt, a software specifically targeted to amphibians, 
(ii) to assess the performance of this software for the 
Pyrenean brook newt by comparing the results obtained 
with this method to the monitoring of PIT-tagged 
individuals and (iii) to measure the ability of AmphIdent 
to recognise individuals over time. 

Material and MetHodS

Field data collection and individual marking
Two populations of Pyrenean brook newt (Calotriton 
asper) were sampled during Summer 2018 in two 
streams located in Ariège county in France (thereafter 
named Fougax and Salau).  Summer is the period when 
the species is the most active, which maximises the 
chance of capturing many individuals (Nicol, 1990). 
The first sampling was carried out on 4 June 2018 for 
Fougax (elevation: 700 m) and on 26 June 2018 for Salau 
(elevation: 1,250 m), in order to mark individuals with 
electronic PIT-tags. This invasive marking was necessary 
to validate the pattern recognition by computer-
assisted photo-identification.  Search for Pyrenean 
brook newt was conducted by experienced observers 
from downstream to upstream by looking under rocks 
and shelters within river-bed, especially riffles and 
pools, along a 200 m transect within each stream. A 
total of 59 and 54 adult Pyrenean brook newts were 
caught in Fougax and Salau, respectively. They were 
then transported and housed to the Station d’Ecologie 
Théorique et Expérimentale (SETE, Moulis, France; 
coordinates: 42°57′29.82"N, 1°05′11.27"E) located about 
1 hour drive from both streams. Individuals were kept in 
captivity for a 48 hour period in 80 x 40 x 35 cm aquariums 
(maximum 20 animals per aquarium, males and females 

2015; Morrison et al., 2016). In addition to being less 
invasive for animals, photo-identification method has 
the advantage of being cheaper and less demanding in 
materials than traditional marking methods. Its main 
drawback is the time required to handle animals and to 
analyse pictures. 
 Photo-matching identification requires that body 
patterns are sufficiently variable between individuals 
and stable enough over time, at least over the study 
period (Dodd, 2010). These two assumptions are 
crucial to avoid misidentifications and consequently 
incorrect estimates of the population parameters (Renet 
et al., 2019). Moreover, identifying animals through 
their natural body markings involves a higher risk of 
subjective assignment than more invasive methods (e.g. 
reading a PIT tag code). Although the photo-matching 
software compares a picture with all patterns present 
in a database to sort them by similarity order, the final 
diagnostic decision about whether this is a new capture 
or a recapture indeed comes down to the observer’s 
judgement. Marshall & Pierce (2012) suggested that 
observer subjectivity is a substantial source of errors in 
photo-matching studies, while Cruickshank & Schmidt 
(2017) emphasised a learning effect of the observers in 
matching identification. However, deviations induced 
by an observer are seldom considered in studies using 
computer-aided matching software (Bolger et al., 2012; 
Cruickshank & Schmidt, 2017).
 Most amphibians exhibit natural body marks (e.g. 
coloured and contrasted patterns, spots) and photo-
identification has been successfully applied to several 
species (e.g. the Jollyville Plateau Salamander Eurycea 
tonkawae, the Iberian midwife toad Alytes cisternasii, 
the marbled salamander Ambystoma opacum) (Gamble 
et al., 2008; Ribeiro & Rebelo, 2011; Bendik et al., 2013). 
Drechsler et al. (2015) proposed two new promising 
amphibian candidates to test the effectiveness of photo-
matching identification including the Pyrenean brook 
newt (Calotriton asper).  This amphibian is endemic to the 
Pyrenean mountain range (France, Spain and Andorra) 
and lives in cold and well oxygenated freshwaters 
(Martínez-Rica & Clergue-Gazeau, 1977; Serra-Cobo, 
1989; Arrayago et al., 2005; Montori, et al., 2008; Amat et 
al., 2011).  It is listed in the Appendix IV of the European 
Council Directive on the Conservation of natural habitats 
and of wild fauna and flora (Habitats Directive 92/43/
CEE, May 21st 1992), in the appendix II of the Berne 
Convention (JORF of August 28th 1990 and August 20th 
1996), and in the national Red List of amphibians of 
metropolitan France as vulnerable species (IUCN France, 
2015). Its conservation suffers from a marked lack of 
knowledge about its biology and ecology, as well as the 
factors that influence it directly or indirectly (Dalibard 
et al., 2020). Population status and trends across its 
distributional range in the Pyrenees are also poorly 
known as CMR studies are difficult to implement due to 
the absence of non-invasive tools to identify individuals. 
Yet, adults display contrasted black and yellow-orange 
ventral patterns that could potentially make them good 
candidates for individual photo-identification (Fig. 1). 
 In this study, we tested and measured the accuracy of 

Pyrenean brook newt recognit ion through ventral  co lour  patterns

Figure 1. Examples of the ventral patterns of adult female 
(♀) and male (♂) Pyrenean brook newts, sampled in two 
streams monitored for the present study: (a) Salau and (b) 
Fougax (France). The part of the ventral pattern analysed by 
AmphIdent starts from above the anterior legs and ends at 
the cloaca.
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not present in the reference images database and give 
the opportunity to assess false acceptation errors (i.e. 
FAR).  The number of pictures of “unknown” individuals 
depended on the number of pictures of PIT-tagged 
recaptures in the dataset (about 25 % according to 
Drechsler et al., 2015).  The Fougax test dataset included 
91 pictures, while the Salau test dataset contained 39 
pictures (Table 1). 
 We differentiated FAR into FAR1 and FAR2, which 
correspond respectively to (i) the rate of false matching 
between an animal tested and an “unknown” animal (i.e. 
there is no match in the reference images database but 
the observer has assigned one among the “unknown” 
individuals), and (ii) the rate of false matching between 
an animal tested and a PIT-tagged animal (i.e. a match 
exists in the reference images database but the observer 
has not assigned the good one). 
 During summer 2018, a total of 41 adult Pyrenean 
brook newts marked with PIT-tags were recaptured 
at least once in Fougax and 21 in Salau, representing 
about 70 and 39 % of marked individuals in each stream, 
respectively.  Among the PIT-tagged recaptured animals, 
54 and 67 % were recaptured only once in Fougax and 
Salau, respectively. 

Photo-identification exercise by multiple observers
We asked 10 volunteer observers to implement 
the photo-identification process using AmphIdent.  
Observers were scientists and students in zoology, but all 
inexperienced with photo-identification software. Nine 
observers were trained in AmphIdent during a course 
of two hours, where they could perform tests with 
the software. As the tenth volunteer could not attend 
the course, he was given an accelerated course before 
implementing the photo-identification test.
 Each observer was asked to compare all the pictures 
of the four test datasets one-by-one to the corresponding 
reference images database. To improve matching-
recognition, they had to look for a correct match within 
the top 20 highest-ranking candidate matches. For each 
picture tested, the observer had to record the unique 
code and rank (from one to 20) of the image from the 
reference database matching the best according to 
them.  If the observer found no image from the reference 
database matching the tested picture, he/she had to 
record it as well. Time was not limited but the observers 
were recommended not to spend more than 5 minutes 
per picture tested.  Five minutes is the maximum time 
we estimated to compare the 20 candidates to the tested 
picture, even for complex patterns. Thus, recognition 
effort was standardised, providing against potential bias 
between observers. The observers were not informed 
about the “tag” and “unknown” pictures in order to 
enable identification errors (i.e. FAR and FRR). 

Computation of performances metrics
Once all the observers had performed the photo-
identification exercise, FRR, FAR (i.e. sum of FAR1 + FAR2) 
and TAR were computed to assess the performances of 
AmphIdent. FRR was the number of false rejections (i.e. 
not recognising a PIT-Tagged individual while it is present 

in the test dataset) divided by the number of “PIT-Tagged” 
pictures in the test dataset. FAR1 was the number of 
type 1 false acceptances (i.e. assigning a wrong but not 
PIT-Tagged individual from the test dataset) divided by 
the number of “unknown” pictures in the test dataset. 
FAR2 was the number of type 2 false acceptances (i.e. 
assigning a wrong but PIT-Tagged individual from the test 
dataset) divided by the number of “PIT-Tagged” pictures 
in the test dataset. TAR was calculated as the number 
of true matches (i.e. assigning the correct PIT-Tagged 
individual from the test dataset) divided by the number 
of “PIT-Tagged” pictures in the test dataset. These rates 
(%) were calculated separately for each sex within each 
stream and for each observer. 
 The computation of performance metrics was 
repeated 20 times, each time with a different top k 
highest-ranking, with k ranging from 1 to 20. For k 
ranging from 1 to 20, the rank of the best matching 
picture identified by the observer when examining the 
top 20 highest-ranking was compared to k. If the rank 
was greater than k, the criteria “no match” (i.e. false 
rejection) was assigned to the picture tested. Else, the 
rank was recorded. For instance, if the observer found a 
correct match ranked at the 18th position within the top 
20 highest-ranking candidates for one picture tested, “no 
match” was recorded for k ranging from one to 17. 

Statistical analyses
To assess the potential effect of the sex and the stream 
on performance metric values while controlling for the 
observer effect, we used a linear mixed-effect model 
(LMM) with the lmer function of the lme4 package 
of the R software (R Core Team 2018) (Bates et al., 
2015). In the model fitted, the response variable was 
one of the three performance metrics (i.e. FRR, FAR, 
TAR) while the explanatory variables were the stream 
and the sex included as fixed effects. The observer was 
included as a random effect. We tested for the effect 
of the two explanatory variables and their interaction, 
using restricted maximum likelihood (REML) estimation 
method (Bolker et al., 2009).  A significance threshold 
of 0.05 was chosen for all conclusions derived from 
statistical tests. 
 
assessment of amphident performance over time 
Study design
We tested the ability of AmphIdent to recognise potential 
changes in ventral patterns over time in the same two 
streams as above during a two-year period (from June 
to September in 2018 and 2019). The pictures of the 
individual marked with PIT-tag in June 2018 recaptured 
at least once in summer 2018 and/or in summer 2019 
(156 pictures: 113 pictures for Fougax and 43 pictures 
for Salau), were gathered in a new dataset (hereafter 
named “time dataset”). A total of 71 unique PIT-Tagged 
individuals (45 from Fougax and 26 from Salau) was 
recaptured at least once over the two-year period: 39 % 
were recaptured once, 28 % were recaptured twice, 17 % 
were recaptured three times and 15 % were recaptured 
between four and seven times. We tested the ability of 
AmphIdent at recognising the PIT-Tagged recaptures of 
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least one-hour, without animal release between them. 
Individuals captured were placed in plastic freezer bags. 
Each animal was photographed four times in the field, 
using the same material and procedure as in laboratory. 
To control for varying amount of sunlight when taking 
pictures, we placed a white background on the top of 
the glass box (Fig. 2) and we used a sunshade to cover 
the entire photographing set up in open area (i.e. in 
Salau). We then scanned each individual for detecting 
the presence of a PIT-tag and we determined its sex. 
With two experienced observers to perform these tasks, 
less than two minutes per individual were required.  
After manipulation, each individual was replaced in its 
plastic freezer bag, and stocked in a cool box containing 
water. Pictures and measures were performed outside 
the stream, at a standing place on the riverbank quickly 
accessible from everywhere along the 200 meter-long 
stream transect (Fig. 2).  At the end of the two sampling 
occasions, all the individuals were released back at the 
exact location where they were caught.  For each sampling 
occasion, including the initial laboratory marking, a single 
picture of each individual (the straightest and with the 
least camera glare) was selected to represent the animal 
in the database. 
 Although the two streams studied seem to 
be uninfected by emerging diseases such as the 
chytridiomycosis caused by Batrachochytrium 
dendrobatidis and Batrachochytrium salamandrivorens 
or the ranaviruses (Miaud, 2013; Martinez Silvestre et al., 
2018; pers. comm.), we minimised as much as possible 
the risk of disease transmission. All the material used 
for sampling were disinfected between the sampling 
occasions by spraying a solution of VIRKON disinfectant 
(Virkon S powder, concentration: 1 %, time of action: 
30 minutes). New freezer plastic bags where captured 
individuals were stocked during sampling were also used.

Photo-identification with amphident 
AmphIdent is an automatic photo-matching software 
using cross-correlation comparisons and straightening 
transformation of pictures (Matthé et al., 2008).  The first 
step is to define and extract the pattern zone from the 
original picture.  As the resolution across pictures was 
the same due to the standardised distance between the 
glass box containing the animal and the camera, pictures 
did not need to be resized before the extraction. Thus, 
less than one minute per picture was required to perform 
the extraction step. This step consists in adjusting the 
automatically generated body contour points (i.e. from 
the location of the anterior legs to the cloaca) into a 
common rectangular reference space. Second, the 
algorithm compares the full extracted pattern with all 
existing images in the reference database. As no spot 
pattern is exactly the same, even between pictures of 
the same individual, the algorithm uses transformation 
on each pixel’s position to transform one pattern into 
the other.  Pairwise comparisons between the extracted 
pattern and all the patterns in the reference database 
provide similarity scores, which correspond to the 
number of matching pixels between the two images. 
Finally, the observer compares “by eye” the 20 best 

images proposed by AmphIdent, which are sorted 
according to their similarity score, to either (i) choose 
the matching image (i.e. recapture), or (ii) decide that 
there is no match in the reference database (i.e. new 
individual). 

assessment of amphident performances
reference image databases and test datasets
Given the dispersal ability of Pyrenean brook newt (in the 
range of several hundred meters; Montori et al., 2008) 
and the straight-line distance between the two streams 
(60 km), we assumed that recaptures were impossible 
between streams, and thus created one separate 
reference image database for each stream. Reference 
image databases (and then test datasets) were separated 
for males and females given that sex identification is 
easy in situ and reliable in the Pyrenean brook newt. This 
categorisation enabled us to limit the number of images 
in the reference database and thus the computing time. 
The Fougax reference database includes 59 pictures (22 
females, 37 males), and the Salau reference database 
54 pictures (22 females, 32 males), which correspond to 
the pictures taken before PIT-tagging (i.e. one for each 
marked animal).  These four databases are the reference 
for the photo-matching performance analysis (see Figure 
1 for examples of reference pictures). 
 To assess performances of photo-identification 
software, rates of false rejection (FRR), false acceptation 
(FAR) and true acceptation (TAR) are traditionally 
calculated. False rejection rate is the failure to identify 
the same individual between two captures whereas false 
acceptance rate is the incorrect matching between two 
captures of two different individuals. True acceptance 
rate is the success of matching the same individual 
between two captures. To compute these rates, a test 
dataset was built for each stream and each sex including 
all the pictures of the PIT-tagged recaptured newts taken 
during the sampling occasions of summer 2018 (Table 
1). The pictures of PIT-tagged recaptured newts give the 
opportunity to evaluate false rejection errors (i.e. FRR), 
and the proportion of PIT-tagged recaptured newts which 
have been correctly matched with AmphIdent (i.e. TAR). 
A random selection of pictures of Pyrenean brook newts 
captured during sampling occasions, but not marked with 
PIT-tags in laboratory, named “unknown”, was added to 
the test dataset (Table 1).  The “unknown” animals are 

table 1. Number of pictures selected for the four test datasets 
used for the assessment of AmphIdent performances, two 
for each sex (males and females) into each stream (Salau 
and Fougax). For each sex into each stream, PIT-Tagged 
corresponds to the number of pictures of recaptured newts 
(i.e. individuals with PIT-tag) and‘Unknown’ is the number 
of pictures of individuals without PIT-Tag.

Stream Salau Fougax
Sex Males Females Males Females

PIT-Tagged 19 11 46 23
‘Unknown’ 6 3 13 9
Total 25 14 59 32
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amphident performance over time
For 12 of the 71 Pyrenean brook newts marked with PIT-
tags that were recaptured at least once during summer 
2018 or summer 2019, one (n = 11) or two (n = 1) pictures 
of PIT-Tagged recapture were not matched with the 
images of the reference databases, corresponding to 
only 13 pictures of the entire time dataset (n = 156; Table 
3). However, the GLMM indicated that the time since 
artificial marking (p = 0.013) and the stream (p = 0.041), 
significantly influenced the probability of matching with 
the reference images databases. A negative relationship 
was found between the time since artificial marking and 
the probability of matching (slope estimate = -0.004, SE 
= 0.002, z value = -2.133). The probability of matching 
was found to be smaller for Pyrenean brook newts 
recaptured in Salau (estimate = 3.060, SE = 1.225, z value 
= 2.496) than in Fougax (estimate = 4.180, SE = 1.297, z 
value = 3.222).  
 We did not find any evidence that the time since 
artificial marking has significantly affected the rank at 
which individuals were photo-identified (p = 0.309). 
However, the mean rank obtained for Salau (estimate = 
3.606, SE = 1.088, t value = 3.313) was significantly lower 
(p = 0.036) than for Fougax (estimate = 6.328, SE = 0.705, 
t value = 8.974)   
 When focusing only on PIT-tagged individuals 
recaptured both in 2018 and 2019, and comparing the 

position (i.e. rank) of a re-identified individual in the 
top 20 highest-ranking candidate matches between the 
earliest recapture of 2018 and the latest recapture in 
2019, the difference between the positions obtained was 
not significant (Wilcoxon signed-rank test: p = 0.876; Fig. 
4).  

diSCuSSion

Photo-identification is an efficient tool in capture-mark-
recapture studies and is relevant for many species 
(Drechsler et al., 2015; Chaves et al., 2016) including 
protected species with conservation issues (Rowat et al., 
2009; Bendik et al., 2013). At present, many automatic 
software programs are available to assist in wildlife 
pattern recognition (e.g. APHIS, AmphIdent, I3S, Wild-
ID; Moya et al., 2015; Matthé et al., 2008; Bay et al., 
2008; Bolger et al., 2012). However, as the platforms 
use different algorithms, their accuracy can be unequal 
for a given species (Morrison et al., 2016; Matthé et al., 
2017; Renet et al., 2019). Assessing the performance of 
a photo-identification software for a particular species is 
thus essential to ensure the quality of a CMR dataset. This 
study evaluated the performance of AmphIdent software 
for the individual recognition of adult Pyrenean brook 
newts.  Our results show that AmphIdent provides on 
average low error rates (false rejection rate = 7.3 %, false 
acceptance rate = 5.2 %), and a relatively high recognition 
rate (true acceptance rate = 92 %).  These rates are 
consistent with other studies applying AmphIdent to 
photo-identify amphibians. For example, Drechsler et 
al. (2015) reported an FRR of 2 % for the great crested 
newt Triturus cristatus, and Matthé et al. (2017) found 
that FRR ranged from 0 % to 10.4 % for four species of 
amphibian.  Finally, Goedbloed et al. (2017) found that 
FRR for the near Eastern fire salamander (Salamandra 
infraimmaculata) ranged from 0 % with a standardised 
pictures dataset (i.e. using a standardised photographic 
procedure, with a consistent distance between the 
camera and the animal) to 35 % with a non-standardised 
dataset. 
 Many studies stress that rising the quality of the 
pictures can significantly reduce the FRR. For example, 
Bendik et al. (2013), using another photo-identification 
software (i.e. Wild-ID), reported a FRR of 15 % for poor-
quality pictures and thus concluded that automated 
photo-identification was not efficient for the Jollyville 
Plateau salamanders. Using another camera type, they 
improved the quality of the pictures and decreased 
greatly the FRR (0.7 %). In the same vein, Morrison et 
al. (2016) found differences in FRR between two photo-
identification software programs (i.e. Wild-ID and 
Hotspotter) for the Wyoming toad (Anaxyrus baxteri), 
with an FRR of 47 % and 64 %, respectively. They also 
highlighted that the FRR was improved with higher 
quality cameras with faster automatic focusing speed. 
For the photo-identification of the Pyrenean brook 
newt, we acknowledge that improving the quality of 
the pictures is an objective readily reachable that would 
likely reduce error rates (e.g. using portable photography 
studio to better reduce the variations of ambient 

table 3.  Contingency table showing the number of pictures 
of PIT-tagged recapture from the time dataset for which 
the match was found in the reference images database (1) 
or not (0) for both streams and sexes (F : female; M : male).

Match
Stream Fougax Salau

Sex F M F M
0 0 7 2 4
1 38 68 17 20

Total 38 75 19 24
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Figure 4. Histogram showing the distribution of the 
differences between the rank (i.e. position of the identified 
individual in the top 20 highest-ranking candidate matches) 
obtained in 2018 and 2019, for individuals recaptured both 
in 2018 and 2019 (most distant recaptures), all streams and 
sexes combined. A negative difference in rank indicates that 
the rank of matching in 2018 was lower than the rank of 
matching in 2019 for a single animal.
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the time dataset (i.e. recaptures recent or distant from 
the date of the artificial marking) given that all these PIT-
Tagged recaptures correspond to individuals present in 
the reference image database. If (i) the ventral pattern is 
sufficiently stable over time, and (ii) AmphIdent and the 
observer performs well, all the 156 pictures should have 
a match in the reference database. 
 The comparison between the pictures of the time 
dataset and the respective reference image database was 
done by a single observer, who was the one who had the 
lowest error rates during the previous described photo-
identification exercise. To avoid a potential observer bias, 
the observer was informed that all pictures of the time 
dataset had a match in the reference databases. 
 For each of the 156 pictures of the time dataset, 
the observer assigned the “1” value if the picture of the 
animal matched with one of the top 20 ranked images in 
the reference database (i.e. true acceptation). They also 
recorded the rank of the matching image. Else the “0” 
value was assigned (i.e. false rejection).

Statistical analyses
We used a generalised linear mixed model (GLMM) to 
relate the binary variable (1) true acceptation, (0) false 
rejection, to the interaction between the time since 
artificial marking (i.e. with PIT-tags) and the stream, and 
the interaction between time since artificial marking 
and the sex of the individual. We controlled for non-
independence between several PIT-tagged recaptures 
of a single individual by including the individual as a 
random effect in the model. The glmer function of the 
lme4 library of R was used.
 We also tested whether the rank at which PIT-
Tagged recaptured individuals were photo-identified 
(among the top 20 images) increased over time.  For 
this analysis, we kept only the PIT-Tagged recaptured 
animals for which the image matching was found within 
the top 20 of the reference database (i.e., “1” value in 
the previous analysis, 144 pictures). We used a LMM to 
test the effect of the interaction between the time since 
artificial marking and the stream, and the interaction 
between the time since artificial marking and the sex of 
the individual, on the rank assigned to each picture. As 
previously, individual was included as random effect to 
account for several recaptures of a single individual. 

reSultS

assessment of amphident performances
The proportion of PIT-tagged recaptured newts which 
have been correctly identified (TAR) with AmphIdent, 
both sexes combined, was always better when analysing 
the first 20 images proposed by the software (top 20) 
than when analysing a lower number of images, with 
no plateau reached, for both Fougax (nindividuals = 69; 
nobservers = 10; mean ± SD TAR = 0.89 ± 0.11) and Salau 
(nindividuals = 30; nobservers = 10, mean (±SD) TAR = 
0.95 ± 0.05) (Fig. 3). Consequently, only the metrics 
results obtained using the top 20 will be shown hereafter. 
On average among all the observers, streams and sexes 
(n = 40), false rejection rate (FRR) was 7.3 ± 8.4 % (ranging 

from 0 to 30 %), false acceptance rate (FAR) was 5.2 ± 7.1 
% (ranging from 0 to 22 %; mean FAR1 = 4 %; mean FAR2 
= 0.8 %), and true acceptance rate (TAR) was 92 ± 9.2 % 
(ranging from 65 to 100 %). 
 The interaction between the sex and the stream (Table 
2) significantly influenced FRR and TAR. False rejection 
rate was significantly smaller for females than males in 
Fougax but there was no difference between sexes in 
Salau (Table 2). True acceptance rate was significantly 
higher for females than males in Fougax but there was 
no difference between sexes in Salau again (Table 2). 
False rejection rates and true acceptance rates were also 
significantly different between streams but for males 
only, with higher FRR and lower TAR values in Fougax 
than in Salau (Table 2). False acceptance rate varied 
significantly between sexes, being smaller for females 
than males when both streams were combined but was 
similar for the two streams (Table 2).

table 2. Results of the linear mixed-effect model relating 
performance metrics to the sex (F: females, M: males) 
and stream (FOU: Fougax, SAL: Salau): differences of least 
squares means (means of terms, estimate) with p-values 
(* p < 0.10, ** p < 0.05, *** p < 0.01) and standard error 
(SE), for the FRR, the TAR and the FAR. For each difference 
term, the estimate is computed from the value of the first 
part of the difference term. For example, an estimate 
of 0.031 in the difference term “Sex(F):Stream(SAL) -  
Sex(M):Stream(SAL)” for the FRR, means that females from 
Salau has a FRR higher of 0.031 than males from Salau.

difference term Frr tAr FAr
estimate ± Se estimate ± Se estimate ± Se

Sex(F) - Sex(M) - - -0.047 ± 0.02*

Stream(FOU) - 
Stream(SAL)

- - 0.036 ± 0.02

Sex(F):Stream(FOU) - 
Sex(M):Stream(FOU)

-0.148 ± 
0.02***

0.154 ± 
0.02***

-

Sex(F):Stream(SAL) - 
Sex(M):Stream(SAL)

0.031 ± 0.02 -0.031 ± 0.02 -

Sex(F):Stream(FOU) - 
Sex(F):Stream(SAL)

-0.038 ± 0.02 0.025 ± 0.02 -

Sex(M):Stream(FOU) 
- Sex(M):Stream(SAL)

0.141 ± 
0.02***

-0.16 ± 
0.02***

-
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Figure 3. Relationship between the highest-ranking of 
identification tested and the mean proportion of correct 
identification (TAR) among all the observers (n=10) for 
Fougax (dark grey; 69 pictures) and Salau (light grey; 30 
pictures). Black bars show the standard deviation of TAR 
across pictures and observers.
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ventral patterns according to the FRR, FAR and TAR 
metrics. Pictures that failed to match with the reference 
images database and particularly those from Salau were 
of poor quality because of an improper camera’s flash 
or an inaccurate camera setting, resulting very likely in 
these identification errors.  Consequently, we would 
recommend that standardised and high-quality pictures 
are crucial to conduct CMR studies based on individual 
photo-identification. In the same vein, Mettouris et al. 
(2016) reported that difference in body conditions over 
time, such as the weight and gravidity of the individuals, 
or reproductive status of females, could lead to changes 
in ranking position during the identification process, 
without patterns changing. We found one picture from 
Salau failing to have a match with the reference images 
database, which was one gravid female at the time of 
recapture (i.e. with a higher body mass, and subsequently, 
a distorted ventral pattern). To limit the effect of 
potentially different body conditions of individuals and 
the effect of the time elapsed between several recaptures, 
a solution could be (i) to provide more than one reference 
image for each individual (but only ventral images as the 
Pyrenean brook newt has no pattern on the dorsal and 
lateral sides), and (ii) to regularly update the reference 
images of the individuals (i.e. each time it is recaptured).  
Most photo-identification software provide this option, 
including AmphIdent. Chaves et al. (2016) highlighted 
that when two reference images of the lionfish Pterois 
volitans were provided, matching probability could reach 
100 %. Thus, this solution could substantially improve the 
performances of photo-identification software such as 
AmphIdent and reduce error rates.
 The robustness of the individual re-identification also 
depends on the size of the reference database (Matthé 
et al., 2017). In the present study, we used reference 
databases of 59 and 54 pictures for Fougax and Salau, 
respectively, to assess the performances of AmphIdent, 
that is quite small compared to other studies assessing 
photo-identification performances in amphibians 
recognition. Šukalo et al. (2013) used the lowest sample 
size reported in the literature on amphibians, with 159 
individuals of fire salamanders from two populations. 
Matthé et al. (2017) used much larger databases, with 
for example 4 063 images of the yellow-bellied toad or 
12 488 images of the marbled salamander. However, 
these databases gathered pictures from many surveys 
and studies, which does not necessarily reflect the 
real population size. Matthé et al. (2017) also found 
that AmphIdent could perform accurately even when 
increasing the size of the database (i.e. from 500 to 12 488 
individuals). This finding was true for the four amphibian 
species studied. This suggests that AmphIdent could 
keep good performances in identifying individuals of the 
Pyrenean brook newt, even with larger databases.
 Like many amphibian species, the Pyrenean brook 
newt requires urgent consideration in conservation 
strategies, but knowledge about its biology and ecology 
is lacking (Dalibard et al., 2020). To date, the population 
dynamics of this species have been very little studied, 
partly due to the lack of non-invasive methods to 
identify individuals which is the level required to study 

population dynamics. This study emphasises that photo-
identification assisted by the AmphIdent software 
performs well for the Pyrenean brook newt, provided 
that pictures are taken with care, reference images are 
regularly updated and observers are trained to use the 
software and to interpret images of ventral patterns. 
This method has many advantages compared to more 
traditional marking methods. First, it makes possible 
to sample all the Pyrenean brook newts found in the 
stream, and thus to study population of potentially large 
size, compared to toe clipping or PIT-tagging which can 
only be applied to a limited number of individuals due to 
money or time constraints.  Second, the sampling is made 
to limit stress of newts and handling is limited as much 
as possible. Third, the material needed to take pictures 
is very simple, hand-made, light to carry, re-usable and 
easy to use. Lastly, the total cost is limited to a digital 
camera and a license for AmphIdent software. Other 
photo-identification software like Wild-ID or I3S pattern 
are free to download and use but their performance for 
the studied species should be assessed before conducting 
a full CMR study based on photo-identification. The 
major drawback of the method proposed here is the 
time required to analyse all the pictures taken in the field 
(estimated not to exceed 5 to 7 minutes in total for each 
captured animal, including both the time needed to take 
pictures in the field and to analyse them with AmphIdent). 
But this time becomes shorter with experienced 
observers. Furthermore, as emerging pathogens (e.g. 
Batrachochytrium salamandrivorans) have particularly 
impacted European newt populations in recent years 
and pose an important conservation challenge in the 
Pyrenees (Martinez Silvestre et al., 2018; Dalibard et al., 
2020), there is a need to improve the decontamination 
protocol during sampling occasions (e.g. disinfection 
of the glass box between each individual, individuals 
placed in separate plastic bags). Thus, we propose 
that environmental managers and professionals who 
manage the territories where the Pyrenean brook newt 
is present, implement photo-identification method using 
AmphIdent after a sufficient training, but also within 
the respect of biosecurity measures to limit pathogens 
transmission. As long as proper disease-prevention 
protocols are followed, this would enable them to 
account for this threatened species in their practices, 
without deploying oversized and expensive means and 
within the respect of animal welfare.
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one unrecognised recaptured individual leads to the 
creation of a new individual in the reference database. 
Renet et al. (2019) reported a 3 % over-estimation of 
population size of the cryptic salamander Hydromantes 
strinatii, with a FRR of 4.3 % (using the top 10 matching 
pictures with Wild-ID software). For the Pyrenean brook 
newt, we assume that over-estimation of population 
size would also likely occur when FRR is high. The larger 
FRR found for Fougax population could lead to a larger 
over-estimation of population size or other demographic 
parameters (e.g. survival rates; Morrison et al., 2011) 
than in Salau population. Consequently, we recommend 
estimating the error rates on a larger number of Pyrenean 
brook newt populations, with a large diversity of ventral 
patterns, before estimating demographic parameters for 
this species. We also found a FAR higher (5.2 %) than 
those found in the literature about amphibians. False 
positive errors result in large biases when estimating 
demographic parameters, as they lead to over-estimation 
of capture probability (Schwartz & Stobo, 1999), due to 
falsely assigning recaptures to known individuals. False 
positive error rates are mainly influenced by the observer 
experience and training (Carlson et al., 1990; Agler, 
1992), or the quality of the pictures (Bendik et al., 2013). 
The relatively high FAR we found suggests that observers 
must therefore have a good training before being able to 
use the methodology proposed here. 
 In this study, we controlled for the observer effect 
when comparing the FRR, the FAR and the TAR values 
obtained for each sex and stream. Few studies have 
explored the possible deviation in error rates caused 
by the observers, while subjectivity is one of the main 
acknowledged drawbacks of these methods (Marshall & 
Pierce, 2012). Cruickshank & Schmidt (2017) compared 
the performance of photo-identification “by eye” and 
using a photo-matching software. They emphasised 
that computer-aided photo-identification reduced the 
variability in error rates between observers. Cruickshank 
& Schmidt (2017) highlighted a learning effect in the 
photo-matching identification, that is, an observer 
can remember a pattern already encountered, and 
thus spends less time in the identification process and 
performs better.  This last statement is in accordance with 
the need to be sufficiently trained using the AmphIdent 
software and analysing pictures before performing a full 
CMR study based on natural marking.
 One of the most important prerequisites in CMR studies 
is to have an equal chance to re-identify an individual 
at all sampling occasions. Using photo-identification 
methods, this assumption first implies that the body 
pattern must not change over time. Our results about the 
performance of AmphIdent to identify Pyrenean brook 
newts recaptured several months after their first capture 
revealed that the body patterns were increasingly 
difficult to match when time elapsed between the first 
capture and the recapture rose. Even if one individual has 
already been recaptured and identified once, we cannot 
thus assume that this individual will be recognised later.  
Surprisingly, the probability to find a match is lower for 
Salau than for Fougax, whereas Pyrenean brook newts 
from Salau are the easiest to identify through their 

light). In addition, for FRR equalling about 10 %, it is 
recommended to compare the focal picture to a larger 
number of pictures (e.g. increased number of pictures 
to compare to 20, as we did), in order to make sure that 
the majority of the recaptures can be identified (Chaves 
et al., 2016; Cruickshank & Schmidt, 2017). Except 
that comparing more pictures would increase the time 
needed to analyse the pictures, this recommendation 
seems also relevant and easy to follow.  
 Unlike FRR, very few studies using AmphIdent for 
amphibians have considered FAR and TAR. As far as we 
know, Drechsler et al. (2015) are the only ones to have 
computed the FAR for the great crested newt photo-
identification, but they found a FAR of 0 % indicating no 
false acceptation errors. Using other software, FAR is 
often reported very low, with a maximum value of 1.8 % 
reported by Bendik et al. (2013) for the Jollyville Plateau 
salamanders, using Wild-ID. Lastly, TAR ranged between 
89.6 % and 100 % in the multi-species study of Matthé et 
al. (2017) using AmphIdent.  This value is also consistent 
with our results.
 In this study, we show that FRR varies significantly 
between two Pyrenean brook newt populations. 
Individuals from Salau were indeed easier to recognise 
than those from Fougax, for both sexes. Our experience 
with the Pyrenean brook newt suggests that this 
difference between streams is due to different contrasts 
in patterns, colour and size of spots (Fig. 1). Pyrenean 
brook newts from Salau have darker skin than those from 
Fougax (personal observation). Consequently, contrast 
with the yellow-orange pattern is more pronounced and 
could explain why individuals are more easily recognised 
in Salau (i.e. lower FRR) than in Fougax. 
 Our results indicate that within a population, the FRR 
could also be different between sexes. In Fougax, males 
were significantly harder to recognise than females, which 
was not the case in Salau (Fig. 1).  However, this difference 
between sexes could mask a difference in the age of the 
individuals, which was not estimated with accuracy in this 
study.  The Pyrenean brook newt is a long-lived species 
(>20 years; Clergue-Gazeau, 1971; Montori, 1988) and 
colour pattern could change over life cycle. Coloration 
strategies for sexual selection, predation avoidance or 
thermoregulation are known to change across life stages, 
in response to changes in competition relationships or 
environmental conditions (Landová et al., 2013). Thus, 
if the oldest individuals tended to be either only males 
or only females in the reference images databases, the 
difference found between sexes must be interpreted with 
caution.  Finally, as the conspicuousness and contrast of 
a pattern is dependent on multiple factors, it is difficult 
to predict the effect of the location, the sex or the age on 
the performance of individual pattern recognition and 
the consequences on the estimation of population size, 
for long-term monitoring programs. 
 When studying wildlife population dynamics, false 
negative errors (e.g. FRR) and false positive errors (e.g. 
FAR) can differently affect inferences about demographic 
parameters (Royle & Link, 2006; Miller et al., 2011). Using 
natural markings, Stevick et al. (2001) showed that false 
negative errors positively bias abundance estimates, as 
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Mechanisms for quickly estimating the suitability 
of habitat for a particular species in the field are 

commonplace in ecology. These can be simply based 
on expert opinion or formalised via standardised 
assessments such as habitat suitability indexes (U.S. Fish 
and Wildlife Service, 1981). However, data from such 
assessments can be difficult to interpret which can lead 
to misuse.
 Great or Northern crested newts (Triturus cristatus) 
are the most widespread of the Triturus super-species 
consisting of seven closely related species, with a 
distribution from the UK and France in western Europe 
across to the Ukraine and southern Russia in the East 
(Wielstra et al., 2019). Within the UK, great crested 
newts are the largest of the three native newt species 
and occupy a wide variety of habitats. These include 
lowland river valleys with spring-fed ponds which do not 
flood (Inns, 2009), brownfield sites (Baker et al., 2011), 
broadleaved or mixed woodland, undisturbed grassland 
(Jehle & Arntzen, 2000; Skei et al., 2006), and urban 
fringe (Harper et al., 2019)  as well as other habitat types. 
As a semi aquatic amphibian both aquatic and terrestrial 
habitat quality is highly important in supporting a viable 
population, a factor which is often overlooked. 
 Within Europe, the species is protected by various 
national and international legal instruments including the 

https://doi.org/10.33256/31.2.111117

The application of a habitat suitability index (HSI) assessment to predict the use of ponds by great crested newts (Triturus 
cristatus) is commonly used in association with distribution and monitoring projects.  Such projects are often used to inform 
development and planning decision making. However, this type of assessment is frequently misused, and misinterpreted.  
We used a large, commercially collected environmental DNA (eDNA) survey for great crested newt pond occupancy (489 
ponds) to; (1) assess whether it is appropriate to use low HSI scores to rule out occupancy, (2) discuss the use of high HSI 
scores to identify ponds of high importance for the species and, (3) explore the eDNA detection method. We conclude that 
there is no evidence to support ruling out pond occupancy based on low HSI scores. However, the conventional view that 
ponds with HSI scores above 0.7 are of high importance to great crested newts is somewhat supported by the data.  Both 
eDNA and direct observational survey methodologies suffer from sampling error and these need to be acknowledged in the 
analysis of large data sets.

Keywords:  Great crested newt, habitat suitability index, HSI, Triturus cristatus, environmental DNA, presence absence survey

Convention on the Conservation of European Wildlife and 
Natural Habitats 1979, and the Conservation of Habitats 
and Species (Amendment) (EU Exit) Regulations 2019. 
Within the UK, the species is listed under the Conservation 
of Habitats and Species Regulations 2017 (as amended), 
the Wildlife and Countryside Act 1981 (as amended) 
in England and Wales, and the Conservation (Natural 
Habitats, &c.) Amendment (Scotland) Regulations 2019 
in Scotland. This legislation means that a greater level of 
effort is applied to distribution assessments for the great 
crested newt than most species.  Assessments of impact, 
for example for land use change, are required (English 
Nature, 2001), while national assessments of the species 
distribution and conservation status also require regular 
reporting.
 Habitat suitability assessments have been used 
for decades, with many developed for a wide variety 
of species in the 1980s (U.S. Fish and Wildlife Service, 
1976, 1980, 1981), some examples being for the muskrat 
(Ondatra zibethicus) (Allen & Hoffman, 1984) and 
the Brown Trout (Salmo trutta) (Wesche et al., 1987). 
The great crested newt Habitat Suitability Index (HSI) 
was developed by Oldham et al. (2000) to assess the 
potential quality of a pond for great crested newts. It 
has been amended and simplified since (ARG UK, 2010). 
Although it was first developed for use in the UK, it has 
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since been used widely across Europe (Unglaub et al., 
2015). The assessment involves the rapid categorisation 
of the habitat using a number of variables, with minimal 
equipment, and interpretation can vary widely between 
individual surveyors.  Additionally, the final calculation 
treats each variable with equal weighting, an assumption 
that is unlikely to reflect the ecological importance of the 
different variables. Interpretation of the HSI therefore 
needs to be treated with a certain level of caution. The 
great crested newt HSI is used by some practitioners as an 
indicator of newt presence or absence: this is potentially 
a misinterpretation of its predictive power. 
 It is a requirement within the UK to undertake an HSI 
assessment alongside any great crested newt surveys 
where the results will be used to inform planning 
conditions. However, it is clear that the HSI should not 
replace direct surveys for the species (Natural England, 
2015). HSI assessments are key components of both the 
national monitoring programme (Pondnet, 2013), and 
the various monitoring schemes for recently launched 
District Level Licencing (DLL) approaches to great 
crested newt conservation (Burgess, 2020; Nature Space 
Partnership, 2019). Nonetheless, the way in which the 
HSI is interpreted in these settings is not always robust or 
supported by evidence.  In terms of habitat creation, an 
arbitrary HSI score of 0.7 has been assigned to generally 
indicate ‘success’.  Instances of using HSI scores that 
would be classed as ‘Poor’ or in some instances ‘Below 
Average’ as a justification to rule out further commercial 
survey work, have been brought to the attention of the 
authors.
 In recent years surveys targeting environmental DNA 
(eDNA) have been developed as a cost-effective and 
rapid tool for the assessment of great crested newt pond 
occupancy (Biggs et al., 2014, 2015; Buxton et al., 2017; 
Rees et al., 2014). eDNA surveys target DNA that has 
been shed by the target organism and become suspended 
in the water column (Harper et al., 2018; Jane et al., 
2015; Thomsen & Willerslev, 2015). eDNA surveys have 
advantages over direct observational survey methods, in 
that they require only a single visit to a pond (Biggs et al., 
2015).  Surveys can be undertaken as lone workers and in 
daylight hours. Direct observational methodologies require 
several overnight visits using multiple methodologies 
and teams of people, to obtain a similar detection rate 
(Buxton et al., 2018; Sewell et al., 2010).  As a result, eDNA 
analysis enables large-scale distribution assessments to be 
conducted with relative ease which were not previously 
possible (Biggs et al., 2015).
 We examine whether the HSI is a good predictor 
of species occupancy, using a large-scale distribution 
assessment of the great crested newt in north-west 
England. We analyse the distribution of HSI results obtained 
for ponds occupied by great crested newts alongside 
those with no confirmed occupancy, and discuss the 
utility of the technique as a fine-scale predictor of species 
presence-absence. We examine the individual suitability 
index variables to determine the relative importance of 
each within the prediction of pond occupancy. We also 
make conclusions about the applicability of the eDNA-
based occupancy information to large-scale commercial 
distribution assessments.

MetHodS

Site selection and protocols
The ponds were surveyed as part of the ecological 
assessment process for the National Grid North West 
Coast Connections project, which aimed to install 
approximately 180 km of new powerline roughly parallel 
to the Cumbrian (UK) coastline.  All ponds surveyed were 
within the linear area expected to be directly impacted 
by works (the order limits), plus a 500 m buffer either 
side.  Ponds were initially identified via a detailed review 
of Ordnance Survey maps and high-resolution aerial 
imagery. The presence of these ponds in the field was 
checked during individual pond HSI surveys. Additional 
ponds were discovered from phase 1 habitat surveys of 
the entire order limits and 500 m buffer area. In total, 
489 ponds were surveyed.
 All field surveys adhered to strict biosecurity 
measures, following guidance from ARG UK (ARG UK, 
2017).   This comprised either using equipment for one 
site only, or cleaning, disinfecting and drying between 
sites.  Footwear and vehicle wheels were also disinfected 
and dried between sites.  In all cases, a disinfectant 
solution of Virkon® was used.

edna surveys
eDNA samples were collected from 464 ponds using 
sampling methodologies adopted for commercial analysis 
within the UK, as regulated by Natural England and 
described in Biggs et al. (2014). eDNA sample collection 
was undertaken during the great crested newt breeding 
season in 2015, 2016 or 2017.  Each pond was sampled at 
twenty locations around the edge, where 30 mL of water 
were collected using a dipper and transferred to a Whirl-
Pak® self-standing sterile plastic bag. The composite 
sample from around the pond was homogenised and then 
subsampled to preserve 15 mL of sample in each of six 
50 mL centrifuge tubes containing 1.5 mL of 3M sodium 
acetate solution and 33 mL of 99 % ethanol. The samples 
were then analysed using quantitative PCR (qPCR) in a 
commercial laboratory following the methodology laid 
out in Biggs et al. (2015), using PCR primers and hydrolysis 
probe developed by Thomsen et al. (2012).  All samples 
were assessed for both degradation and PCR inhibition 
using an internal positive control DNA introduced to both 
sample collection tubes prior to field collection, and at 
the qPCR stage.
 Complexities associated with the survey schedule 
(for example land access restrictions or changing survey 
boundaries) resulted in direct observational surveys of 
25 ponds without prior eDNA surveys. 

direct observational surveys
A subset of 103 ponds were subject to direct observational 
survey methods in addition to eDNA sampling, while 85 
ponds were either surveyed using observational methods 
only or returned an inclusive eDNA survey result which 
was followed up with observational surveys. In addition 
to result confirmation, direct observational surveys were 
undertaken to obtain a population size class estimate 
(English Nature, 2001).  A combination of bottle trapping, 
torchlight counts, hand searches for eggs and sweep 
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netting for adults was undertaken following standard 
commercial methodologies for the UK (Cresswell & 
Whitworth, 2004; English Nature, 2001; Griffiths & Inns, 
1998; Griffiths et al., 1996; Langton et al., 2001; Sewell 
et al., 2013).

Habitat Suitability index 
A HSI assessment was undertaken on each of the 489 
ponds (Oldham et al., 2000).  In total, ten habitat variables 
are recorded in the field, comprising  geographic location, 
pond area, frequency of drying, water quality, pond 
shading, waterfowl presence, fish presence, pond density, 
the composition of the immediate terrestrial habitat 
and pond macrophyte cover.  Each of these categories 
are assigned a value of between 0.01 and 1.0 with the 
geometric mean of the ten values taken to estimate 
the HSI of a pond for great crested newts.  Overall HSI 
scores close to zero represent unsuitable habitat, while 
those closer to one represent optimal habitat (Unglaub 
et al., 2015). HSI categories were introduced by ARG 
UK advice note (ARG UK, 2010) as a way to help the 
interpretation of results, the categories were split so that  
approximately 20 % of ponds fall within each of the five 
categories. These categories are ‘Poor’ (HSI = 0-0.49), 
‘Below Average’ (HSI=0.5-0.59), ‘Average’ (HSI=0.6-0.69), 
‘Good’ (HSI=0.7-0.79) and ‘Excellent’ (HSI=0.8-1).

analysis
Data from all occupancy assessment methods was pooled 
to generate naïve estimates for occupancy, with simple 
percentages used to compare occupancy when both 
eDNA and observational surveys had been conducted on 
the same water bodies. We compare the proportions of 
occupied and unoccupied ponds falling into each of the 
HSI categories.
 We used a general linear model to assess whether 
there is a statistically significant difference between 
ponds with confirmed occupancy and those with no 
confirmed occupancy. We use a logistic regression to 
examine the effect that individual HSI covariates have on 
binary pond occupancy results from the eDNA and direct 
observational survey data. All continuous covariates 
were standardised prior to analysis. All data analysis 
was undertaken in R version 4.0.0 (R-Core Team, 2020) 
with the additional package glmulti (Calcagno & de 
Mazancourt, 2010) to undertake logistic regression of all 
model combinations, and Akaike's information criterion 
(AIC) model selection. We then calculate the relative 
importance of each of the HSI covariates using the inbuilt 
Multimodal inference and assessed them as highly 
supported or somewhat support based on Marchetti et 
al. (2004).

reSultS

naïve occupancy and detectability
Sixty-four of the 489 ponds surveyed were found to be 
occupied by great crested newts, either through eDNA 
or direct observational surveys, give a naïve occupancy 
rate of 0.13. 
 Occupancy data was generated using both eDNA and 
direct observational methods at 85 ponds. The results 

of the two methodologies concurred 76 % of the time. 
In five cases ponds were found to be negative using 
eDNA, but great crested newts were identified using 
direct observation-based survey methods (naïve error 
rate of 6 %). Conversely, 15 of the 85 ponds were found 
to be positive using eDNA but this was not confirmed 
using observational methods, (naïve error rate of 18 
%).  Neither of these estimates take into account the 
potential for false positive eDNA results and they do not 
take into account instances where both methodologies 
may have missed the species, suggesting they are both 
underestimates.

HSi results
Mean HSI score of all ponds surveyed was found to be 
0.64 (95 %CI = 0.58-0.69), ranging from 0.19 to 0.98 
(N = 489). Overall, 102 ponds (20.86 %) fell into the 
“Poor” category (HSI < 0.5), 88 (18.00 %) into the “Below 
Average” category (HSI = 0.5-0.59), 97 (19.84 %) into the 
“Average” category (HSI = 0.6-0.69), 119 (24.34 %) into 
the “Good” category (HSI = 0.7-0.79) and 83 (16.97 %) 
into the “Excellent” category (HSI > 0.8) (Fig. 1). 

HSi scores vs pond occupancy
Mean HSI score in the 64 occupied ponds was found to 
be 0.68 (standard deviation 0.15), with HSI scores ranging 
from 0.28 to 0.93. This was comparable to 0.63 for the 
425 unoccupied ponds (standard deviation 0.17), with 
scores ranging from 0.19 to 0.98.  Seven of the 64 (10.9 
%) occupied ponds had an HSI score below 0.5 suggesting 
pond quality was ‘Poor’; 10/64 (15.6 %) were of ‘Below 
Average’ pond quality; 12/64 (18.8 %) were of ‘Average’ 
pond quality; 21/64 (32.8 %) were of ‘Good’ pond quality; 
and 14/64 (21.8 %) were of ‘Excellent’ pond quality.  This 
was comparable to ponds with unconfirmed occupancy, 
where 95 of 425 (22.4 %) had an HSI score below 0.5 
indicating ‘Poor’ pond quality; 78/425 (18.4 %) were of 
‘Below Average’ pond quality; 85/425 (20.0 %) were of 
‘Average’ pond quality; 98/425 (23.1 %) were of ‘Good’ 
pond quality; and 69/425 (16.2 %) were of ‘Excellent’ 
pond quality (Fig. 2). 
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Figure 1. the distribution of HSI score for all ponds 
surveyed.
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 Correspondingly, 7/102 (6.9 %) of ‘Poor’ ponds were 
occupied, 10/88 (11.4 %) ‘Below Average’ ponds occupied, 
12/97 (12.4 %) ‘Average’ ponds were occupied, 21/119 
(17.6 %) ‘Good’ ponds were occupied, and 14/83 (16.9 %) 
‘Excellent’ ponds were occupied (Fig. 3). Consequently, 
there is a slight increase in pond occupancy in the more 
favourable HSI categories. A general linear model was 
used to assess whether pond occupancy by great crested 
newts was related to HSI score, and a slight positive 
significant relationship was identified (df = 491, t = 2.06, 
p = 0.04; Fig. 4). 

Covariate analysis
We examined the individual effects of the ten HSI 
predictor variables on predicting pond occupancy. The 
model with the greatest AIC support was found to only 
include waterfowl and fish as covariates; however, an 
additional nine models fell within <2 delta AIC units 
of the top model (Table S1). Further analysis was 
undertaken on cumulative AIC importance weights for 

each of the HSI covariates with waterfowl presence 
(cumulative AIC weight = 0.8734) strongly supported by 
the analyses as an important covariate. Fish presence 
was of secondary importance (cumulative AIC weight = 
0.7216), with shade (cumulative AIC weight = 0.4611) 
having less support. Geographic location, pond area, 
pond count, macrophyte cover, water quality, pond 
permanence and terrestrial habitat quality each had a 
cumulative AIC weighting of <0.4. However, there was 
very little significance within the model with the greatest 
AIC support. The only covariate to show any significance 
was the “Minor” category for waterfowl presence (df = 
485; t-value = 2.276; p-value = 0.0233).

diSCuSSion

The naïve pond occupancy identified in this data set (0.13) 
is low when compared to other published occupancy 
rates for great crested newts in the UK.  Sewell et al. 
(2010) found a naïve occupancy rate for both south-
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east England and parts of Wales to be approximately 
0.3. However, the results of this study are closer to the 
naïve national estimates of between 13 % and 18 % from 
the Freshwater Habitats Trust PondNet study (Ewald, 
2018). The naïve occupancy estimates found in this data 
set suggest that the study area is more in line with the 
national average than some previous estimates from 
high-density areas such as south-east England. 
 These data show that ponds with a higher HSI score 
are more likely to be occupied, but there is considerable 
overlap in scores for ponds with and without confirmed 
occupancy. Ponds with no confirmed occupancy were 
found to score as high as 0.98, while ponds with a score 
as low as 0.23 were found to be occupied. The use of 
pond categories may be useful for presenting results to 
a non-ecological audience; however, this simplification 
may be leading to misinterpretation and overreliance on 
the HSI as an indicator of presence-absence. The use of 
an HSI score to predict whether a pond will be occupied 
or not is therefore unwise. 
 It has been argued - and accepted by some planning 
authorities - that ponds with low HSI scores can be 
ruled out for occupancy assessments. Examples of 
this can be found within planning applications to 
Aylesbury Vale District (application number 19/00909/
APP), Milton Keynes Council (application number 
20/01134/FUL), Bedford Borough Council (application 
number 20/00289/FUL) and Tewksbury District Council 
(application number P0156/20/FUL) as well as others. 
However, the HSI was never intended to be used as a 
surrogate for pond occupancy, but was intended as a 
risk register of potential great crested newt presence, 
identifying ponds with appropriate habitat.  Here we see 
that seven of the 102 ponds (7 %) in the ‘Poor’ category 
(HSI<0.5) were occupied.  Although this is lower than 
the overall occupancy rate of 13 %, we do not consider 
it to be sufficiently lower to justify ruling out follow-up 
occupancy assessments. As occupancy at low HSI scores 
have been observed both by this study and Harper et 
al. (2019), it would be unwarranted to assume absence 
from a low HSI score. Nevertheless, we did not observe 
any occupancy below an HSI of 0.2. 
 An HSI value of 0.7 or above (‘Good’ or ‘Excellent’ 
categories) has been arbitrarily used as a cut-off to 
designate likely breeding habitat (Burgess, 2020; Nature 
Space Partnership, 2019). This is harder to assess using 
environmental DNA as the method does not differentiate 
between life stages. The mean HSI for positive ponds 
was found to be 0.68 with a standard deviation of 0.151, 
where 35 of 64 (55 %) ponds fell into the ‘Good’ or 
‘Excellent’ categories. In certain circumstances, a cut-
off value of 0.7 may therefore be argued as appropriate 
to define potentially important ponds for great crested 
newts, but with only 21 % of these ponds occupied, it 
should still not be used to assume occupancy. Similarly, 
potential occupancy and breeding should not be ruled 
out in ponds regarded as being less important as almost 
half of occupied ponds (N = 29: 45 %) in this study had an 
HSI score lower than 0.7.  
 It is evident from these data that both eDNA and 
observational methodologies for assessing pond 
occupancy have associated rates of sampling error. 

Where both eDNA and observational survey methods 
were used on the same ponds, the results concurred 76 
% of the time.  Five instances of ponds were found to be 
negative in the eDNA survey results but positive using 
observational methods, and fifteen instances where 
ponds were negative using observational methods but 
positive for the eDNA survey.  Both observational and 
eDNA survey methods can suffer from false negative 
error, but the eDNA technique may be subject to false 
positive error as well (Ficetola et al., 2015; Griffin et al., 
2020; Guillera-Arroita et al., 2017).  A way of quantifying 
this error is needed to aid in the interpretation of large 
data sets. A recent publication by Griffin et al. (2020), 
develops statistical models to identify error rates in 
eDNA studies, both at the sample collection stage and in 
the laboratory.  The application of modelling to generate 
error rates will allow confidence levels to be applied to 
the data. eDNA analysis has a further limitation in that 
only presence or likely absence data can be generated, 
whereas some degree of abundance estimate can be 
generated from observational surveys. This being said, 
a large-scale assessment of pond occupancy covering 
hundreds of ponds would be logistically unfeasible using 
observational methods, whereas eDNA surveys allows for 
regional or countrywide assessments to be undertaken 
with relative ease.
 The HSI score takes the geometric mean of ten pond 
level variables which are easily collected within the field 
(Oldham et al., 2000).  The use of the geometric mean 
leaves all ten equally weighted within the overall HSI 
score. It is highly unlikely that all ten will be equally 
important in determining suitability of ponds for great 
crested newts. Using logistic regression and cumulative 
importance weights we attempted to look at each of the 
covariates in terms of their importance to great crested 
newt occupancy.  Within this data set only waterfowl and 
fish presence were found to be important individually. 
Waterfowl - particularly at high densities - tend to 
reduce water quality, increase the turbidity of water and 
reduce vegetation (Edgar & Bird, 2006; Oldham et al., 
2000). In addition to increasing turbidity and removal of 
submerged vegetation, fish also act as direct predators on 
great crested newt eggs and larvae (Denoël et al., 2013; 
Edgar & Bird, 2006; Hartel et al., 2010; McLee & Scaife, 
1992; Oldham et al., 2000; Rannap et al., 2009a, 2009b; 
Skei et al., 2006).  It is possible the other covariates 
are correlated and become important in certain 
combinations, or in different landscapes other variables 
dominate (Harper et al., 2020). For example, in species 
distribution modelling within the south of England, pond 
density has been found to be the strongest predictor of 
great crested newt distribution (Bormpoudakis et al., 
2016). As such, the importance weights presented here 
may not be universally applicable, with local conditions 
influencing covariate importance. 
 In conclusion both eDNA and observational surveys 
suffer from sampling error and this needs to be 
acknowledged in the analysis of any great crested newt 
occupancy assessment. We have found no evidence to 
support the use of low HSI scores as a justification to 
rule out direct occupancy assessment. However, there 
is some justification for the use of high HSI scores to 
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Figure 2.  Percentage of occupied ponds (black) and ponds with no confirmed occupancy (white) at each 0.1 increments 
on the HSI Scale.

Figure 3. Percentage of occupied ponds for great crested 
newts within each HSI category.

Figure 4. Great crested newt occupancy compared to the 
overall HSI score. Occupancy taken from the combined 
naïve eDNA and direct observational survey results, 
(n=489). 
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identify ponds that are potentially important for great 
crested newts.
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